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 Sustainability is more important in today's culture due to the increasing demand for a 
more eco-friendly society and a growing population. Thus, concentrations in minimizing and 
reducing environmental impacts, energy and natural resources have been forthcoming in industry. 
The tool, mold and die industries (TDMI) are the most well known industries that machine harder 
materials using mills and wire electrical discharge machines (WEDM). The objective of this 
thesis was to compare the sustainability differences in both of these machines utilizing the 
accepted standards for evaluating the manufacturing process performance for sustainability. 
These standards include the evaluation of the process parameters, raw materials, power, tools and 
fluids which all contribute to different effects in the environment, machining performance and 
operator safety. An experiment was conducted on a Charmilles Robofil 2020 SI WEDM and 
Bridgeport Milling machine to study the power differences by altering the machines' cutting 
parameters on a D2 tool steel workpiece. Current, surface roughness, metal removal rates and tool 
wear were documented. It was noted that increases in power and tool wear can be controlled by 
varying process parameters such as using cutting fluids and changing the metal removal rate.  A 
higher metal removal rate increased the amount of power used but did not improve surface 
roughness. Milling and WEDM operations exhibited a similar specific energy trend which is 
considered another way of comparing both machines. Surface roughness was shown to be better 
at higher specific energies for WEDM. While in milling, lower surface roughness numbers were 
seen in a broad range of specific energies. Overall, a correlation between the metal removal rate, 
power and surface roughness affected sustainability. Other sustainability conclusions compared 
favorably to the previous literature. An understanding of the differences in these machines is 
important to determine the best environmentally friendly and cost beneficial setup for any shop.  
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Chapter 1 : Introduction 
Section 1.1 Objective  
 This thesis concentrates on the developing idea of Sustainable Manufacturing or "Green 
Manufacturing" and tries to narrow it down to focus on two type of machines that can be used to 
perform similar types of machining tasks. These two machines are the wire electro-discharge 
machine and the milling machine. Both of these machines, although very different, are not only 
compared by their costs but by their performance in their operations. These machines are widely 
utilized in the tool, die and mold industries (TDMI).  
 The objective of this thesis is to analyze the manufacturing sustainability differences in 
cutting materials with milling and wire electro-discharge machining (wire EDM or WEDM). The 
TDMI are the most well known industries that utilize both of these manufacturing techniques to 
create tools and dies. The comparison will look at how a milling process compares with a WEDM 
process for cutting hard materials such as a D2 tool steel and focus on the contributing factors 
that allow the process to be sustainable. The reason that this topic needs to be looked into is that 
there are beliefs that shops underutilize the electro-discharge machining processes or exceed the 
limitations of milling by exhausting the tool life or continually buying expensive tooling. Also, it 
has been suggested that milling is being underestimated for machining harder materials. One 
quote from Modern Machine Shop states, "In many die and mold shops, the choice between ram 
EDM and CNC milling is far less clear than it used to be. Changing technology is changing the 
rules... Whatever the process in question, an accurate assessment of how efficient it can be will 
only come from looking at the process as a whole, not just the machine tool [1]". Thus, this thesis 
will investigate both machining processes by looking at some of the wastes and 
human/environmental concerns that are of valid interest. A parameter study will also be 
conducted, on both machines, to analyze the power usage and to show how altering machining 
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parameters can cogently change the current draw, metal removal rate, surface roughness and 
specific energy. These listed parameters ultimately affect the sustainable usage of each machine. 
 
Section 1.2 Background Information   
1.2.1 Sustainability and Sustainable Manufacturing 
Sustainability 
 Sustainability is defined by the Bruntland Report as the "development which meets the 
needs of the present without compromising the ability of future generations to meet their own 
needs [2]." The idea can be further broken down into three sections of sustainability: economic 
sustainability, social sustainability and environmental sustainability.  Sustainability means 
much more than analyzing or changing the performance of machines and manufacturing 
processes. A much larger system must be taken into account to describe sustainability. Industrial 
systems will produce products and services that will ultimately affect society and produce wastes. 
Society uses those products and those products turn into wastes as well. The wastes should be 
transmuted from the environment into minerals and nutrients until they are transformed back into 
natural resources. From there, industry can extract the resources and generate more products. The 
rate of extraction and use from society should balance with the rate of replenishment that the 
environment can handle in order for sustainability to be stable. Sustainable manufacturing is a 
branch of sustainability that deals with economic and social objectives. Thus, it is not only a 
concern for engineers but it is also a business and economics related problem. There has been a 
wide variety of evaluation from the economics side of sustainability which evaluates overall cost, 
profit and cost per unit as a quantitative assessment. There hasn't been much attention to the 
social side of sustainability. Instead, there has been a larger evaluation of sustainability through 
the environmental side; these being the toxic chemical releases, energy consumption and the 
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carbon footprint. To pursue sustainability, a connection and interaction between all three sides of 
sustainability must be analyzed [2].  
 
Sustainable Manufacturing 
 Sustainable Manufacturing is defined as using current technology or developing new 
technology to cleanly produce environmentally and consumer safe products while reducing the 
emissions. Because the quality of life has increased, the population has grown. Thus, this results 
in a growth in manufacturing.  The positive impacts of growing industry and job creation also 
result in the heavy burdens placed on the environment. Almost all current manufacturing 
technology emits or produces some non-recyclable material or by-product. The by-products 
include fluids, gases or excess materials. When the environment cannot transmute these wastes at 
the same level as society produces them, this is considered unsustainable. From there, six 
elements of sustainable manufacturing processes can be put into place for evaluation. They are 
the environmental impact, manufacturing cost, energy consumption, waste management, 
operational safety, and personnel health [2].  
 Newer more efficient ways of manufacturing compared to the older more conventional 
means have emerged through research. The comparisons look at the surface quality, tool life, chip 
evacuation, power consumption, productivity and cooling/lubrication. These comparisons result 
in newer technologies and advanced machining techniques such as electro-machining practices or 
modifying the older ways of machining. The idea of comparing cryogenic machining techniques 
to near dry or wet machining practices is one example of the evolution of newer technology [3]. 
The alteration of the concept "Design for Manufacturing and Assembly (DFMA)" toward a more 
eco-design-friendly process has become more important in research as well [2].   
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1.2.2 Mill Machining 
 Milling is a traditional technique of machining by the means of applying a force from a 
cutting tool to the workpiece material. Milling is an operation that involves the rotation of a 
cylindrical tool, with one or more cutting edges, that is applied perpendicular to the direction of 
the feed of the tool. In a basic setup the spindle only moves in the z-axis while the table moves in 
the y-axis and x-axis, this is shown in Figure 1.1. In some machines the spindle is completely 
rigid and the table moves in all three axes. The table and spindle is usually controlled 
mechanically by hand or with a computer controlled unit that is tied into the machine.  
 
 
Figure 1.1. Basic Vertical Milling Machine [4] 
 
 There are many forms of milling which are described by the way the tool machines the 
workpiece. The basic forms of milling are face milling and peripheral milling. Face milling is the 
process in which the tool axis is perpendicular to the surface of the workpiece being milled. 
Endmilling, profile milling, and surface contouring are some of the types of milling practices for 
forming shapes, shown in Figure 1.2. Peripheral milling is the process in which the tool axis is 
parallel to the surface of the workpiece. Two techniques of peripheral milling are slab milling and 
slotting. This is shown in Figure 1.3 [5]. 
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Figure 1.2. Types of Milling Techniques (End Milling, Profile Milling, Surface Contouring) [5] 
 
 Chips are the excess materials that are sheared from the workpiece due to the applied tool 
force. The thickness of the chip is determined by the depth of the cut from the tool to the 
workpiece.  Examining the chip's color, shape, and size can determine if the machining process is 
being done correctly. Even the sound the mill makes as it cuts away material suggests a correctly 
made cut. An operator would need to either change the feeds, speeds, or the depths of the cut to 
allow for better surface finishes or metal removal rates. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Peripheral Milling Technique (Slab Milling, Slotting) [5] 
  
 Cutting fluids can be utilized in the cutting process to minimize the amount of heat 
generated and reduce the friction between the tool and the workpiece. Cutting fluids also help 
reduce the amount of wear on the tools and help with surface finish quality of the workpiece. 
Cutting fluids will be discussed in more depth later on in the paper. 
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 Although there are many different techniques of milling, this thesis will concentrate only 
on endmill slotting and edge cutting. The edge cuts are the finish cuts. It will also discuss the type 
of application for cutting fluid delivery that will be utilized in the experiment as well as 
completely dry milling. The experiment will compare the surface roughness differences between 
the wet style of machining and the dry machining.  
  
1.2.3 Wire Electric Discharge Machining 
 Wire electric discharge machining is a type of advanced machining process that uses 
electrical discharges between a wire electrode and the workpiece via a dielectric fluid to cut the 
workpiece, shown in Figure 1.4. In most wire EDM operations the workpiece is fed through a 
continuously fed wire spool which is collected on another spool below the workpiece. A control 
system monitors the speeds of the wire, workpiece, dielectric fluid and the pulses of the electrical 
current that "cut" the material. When the material is cut there are no cutting forces generated on 
the workpiece because the machining process is done electrically. Therefore, harder materials can 
be cut with ease [5]. 
 
Figure 1.4. Basic Electric Discharge Machining [5] 
  
 WEDM is able to machine any sort of material as long as the material is electrically 
conductive. The wire diameter can range from about 0.003 to 0.012 inches and is typically made 
of brass, copper, tungsten, or molybdenum. The current travels through this wire and through the 
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dielectric, deionized water or oil, to the workpiece. The dielectric can be transported to the 
workpiece like shown in the previous figure or the workpiece can be completely submerged 
within a tank of dielectric. When an electrical pulse is conducted, material from the workpiece 
and the wire are removed. The dielectric flushes the excess material away from the workpiece and 
the wire. The material comes off in the form of small grainy particles that have properties of the 
wire, workpiece and the dielectric fluid. The end result is a cut that has a larger width than the 
diameter of the wire. This gap is called the "kerf," shown in Figure 1.5. 
 
 
Figure 1.5. Overcutting and Kerf in WEDM [5] 
 
 
The kerf in the WEDM cut can also be thought of as an overcut on the outer edges of the wire 
diameter [5]. Kerf was an important factor when designing the experiment for this study. It will 
be discussed further in the experimental design section of the thesis.  
 
1.2.4 Tools and Dies   
 Tool and die manufacturing creates applications that allow for die casting, forging, 
injection molding and sheet metal forming. Typically, a die or mold is used to form a material, 
which has a lower ductility than that of the die or mold. The material will usually be formed to a 
near net shape before a secondary process of machining is required.  
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  There are several decisions that have to be made in order to properly select the material 
type for the die. The following list is a series of questions that must be addressed to decide what 
type of material to use for a die design [6]: 
  1) What are the basic operations that are going to be performed with this die? 
 i) What are the forces and temperatures being applied to the die?  
 2) What is the material the die will be modifying?  
  i) The material's hardness, melting point, initial condition, size 
 3) What is the production rate at which the finished product needs to be made? 
  i) Quantity - Ability to withstand the production demand 
  ii) Accuracy need for final part - Tolerances and surface finish  
  iii) Finishing Requirements - Secondary operations (grinding, polishing)  
 4) What machines or fixtures are involved with the die (will be discussed in more 
  detail)? 
 5) What is the design of the die? 
 6) What is the proposed setup of the die? 
  i) Accuracy  
  ii) Rigidity 
 7) What is the estimated cost per part being produced? 
  i) Will the cost of making and maintaining the die exceed the value of the  
  finished product? 
 8) What are the desired properties of the die material? 
  i) Resistance to wear, heat, and deformation 
  ii) Heat treatments and machinability (grinding, cutting, polishing, etc.) 
                  
When developing a die design not only should the above criteria be considered but sustainability 
should also be an important criteria. Sustainability is associated with every aspect of the part's life 
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cycle. In developing and designing a long lasting die costs, maintenance and life have to be 
considered. The costs associated with machining can be high, which will be looked at in Chapter 
2.  
 Some particular dies that can be produced using WEDM and milling are stamping or 
progressive dies, extrusion dies, and trim dies. A stamping die or "punch and blanking die" is a 
die that allows a punch to push a material through a cutting die. One occurrence of this is called a 
"cycle." To extend upon this concept further, more cycles can be put into place while introducing 
an automatic feed with the workpiece material. The cutting die may have more than one type of 
shape that it will cut or there might be multiple stations setup to modify the sheet metal being 
stamped. These types of dies are called progressive dies. Progressive dies are attached to a 
reciprocating stamping press and can either push the material through the die or the dies can be 
attached to the punch. An example is shown in Figure 1.6. A "kicker pin" is incorporated into the 
punch to push the stamped piece out of the die. If the punch is too small to incorporate a kicker 
pin, the punch may have a slight point at its center to prohibit the stamped piece from sticking to 
the punch. After the stamping press performs one cycle, the workpiece travels to the next 
operation as the stamping press readies itself for the next cycle. A fresh piece of material is then 
fed under the stamping press and ready for another downward cycle [5, 6]. 
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Figure 1.6. Basic Progressive Die or Stamping Die Procedure [6] 
 Progressive die or stamping is typically more cost effective because it incorporates all the 
processes of a typical single stamp press but moves the workpiece to the next station through 
automation. Progressive stamping and automatic positioning reduces the issues with trying to 
relocate parts on individual presses, the human error in part quality, and often increases savings in 
labor costs. WEDM practices combined with CAD design have increased the construction of 
progressive die making [5, 6]. 
 Another type of die is the extrusion die. With an extrusion die, material is forced through 
a hole and a particular extruded profile will be formed. This profile is called the extrudate profile. 
Plastics or polymers, solid profiles, hollow profiles, films, and filaments can be formed from this 
process. The extruded material is heated up which increases its ductility and allows it to be 
extruded more easily. For example, Figure 1.7 shows how the flow of the process works as well 
as where the extrusion die is placed in the fixture. Some common applications for using the 
extrusion dies are for door moldings, automobile trim, house siding and other types of structural 
shapes [5]. 
 
11 
 
  
Figure 1.7. Basic Plastic Extrusion Die Setup [5] 
 Important considerations for extrusion dies for metal forming processes are the die angle, 
the friction, and the ram force. Figure 1.8a represents an example of a simple metal extrusion die. 
For larger surface areas that the material is extruded through, a higher friction force results. Thus, 
a higher ram force is needed. The die angle depicts how the material will flow out of the 
extrusion die. Too large of an angle can result in more turbulence in the flow of the material 
through the die. Here too, the ram force must increase. There is an optimal location where the die 
angle needs to be to allow for lower ram forces. The graph, shown in Figure 1.8b, suggests the 
optimum die angle for the lowest ram force [5]. 
 
 
Figure 1.8. Basic Metal Extrusion Example [5] 
a) Extrusion Die b) Optimal Die Angle 
 
 Another type of die that can be made through WEDM or milling is a trim die. A trim die 
is a die that cuts away the excess material on a part, also known as the flashing, by the means of 
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shearing, shown in Figure 1.9. A punch pushes the workpiece through a cutting die which has 
sharp edges and the shape of the final part. The workpiece is typically heated up to help reduce 
the work required to push the workpiece through the cutting die [5]. 
 
 
Figure 1.9. Basic Trim Die [5] 
 
Section 1.3 Comparison Justification 
 It is well known that a wire EDM and milling machine cannot be directly compared due 
to how each one effectively machines a material. The comparison results more from how they are 
used in industry to produce a part and the energies required to make that part. One of the 
industries that use milling and WEDM is the tool, die and mold industries.  
 A survey conducted in shops located in Germany, Japan and the United States shows that 
one of the highest consumers of the die and mold industries is the automotive industry followed 
by the electronics and household appliance industries. These industries are well known because 
automotive applications and plastics are diversely seen all over the world. Because of the 
diversity, the die and mold industries are not as susceptible to the fluctuations in the economy. 
Instead, the die manufacturers are effected when manufacturers are retooling, preparing for new 
models of products or product cancellation [7]. About 60% of the companies that manufacture the 
dies or molds are smaller independent companies similar to job shops. Although a more popular 
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type of molding technique is injection molding, sheet metal forming and forging techniques still 
require the use of hard tool steel dies. Tool steel is needed to manufacture the dies or molds for 
those types of processes that require repeatability. Forging dies are usually fairly small and are 
typically produced in larger quantities at a time (more than 100 units per shop per year) [8]. 
Manufacturing dies are in high demand, thus there is need for machines that can build these dies. 
 There are other types of machines used in the TDMIs like grinders, polishers, and even 
more commonly the die sink or plunge EDM. Die sink or plunge EDM's major role within the 
industry is making cavities for molds, deburring and finishing operations [8]. Wire EDM and 
milling are primarily used for cutting away material and are direct processes that typically do not 
need secondary operations for the types of dies they make, like progressive dies [5, 6, 9]. WEDM 
and milling will be concentrated on because this thesis is primarily investigating cutting hard 
workpiece materials to machine specific die types (already noted) and not plunging into materials 
to create cavities. The wire kerf in WEDM is narrow which allows WEDM to be ideal for 
machining components for stamping dies, lathe form tools, extrusion dies, and flat templates. The 
narrow kerf can also make it possible to machine the punch and dies in a single cut [5]. Other 
reasons why WEDM and milling are chosen for the comparison over regular EDM are listed as 
follows:  
 1) WEDM and milling are used to create EDM electrodes which are costly [10].  
 2) More types of flat punch and die sections are being made by WEDM [9]. 
 3) WEDM can produce one-piece die sections which allow for more rigid dies [9]. 
 4) WEDM can be used to quickly fix broken dies [6, 9]. 
  To fix a broken die a wire EDMed insert can be made and hard welded. After the  
  die is hard welded together, the part can be wire EDMed at the weld surface  
  location [9]. 
 5) Wire EDM can cut multiple parts out of one sheet (example: die and stripper) [9]. 
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 6) Wire EDM can hold tolerances without burrs or extra secondary options [6, 9]. 
 7) EDM produces a slight angle in a cutting edge when using punches as electrodes; see     
      Figure 1.10. This is not exhibited in WEDM [6].     
     
 
Figure 1.10. Negative angle produced in EDM [6] 
 
Milling was chosen in this comparison because it is one of the most common conventional forms 
of machining and finishing used in the die industry [8].  Also, the techniques and tooling 
available, for milling, allow it to be very competitive for machining when comparing it to other 
machining processes.  
 Electro-chemical machining (ECM) was also considered for this study because this 
machining process does have higher machining speeds than EDM. It was decided not to study 
ECM because WEDM and EDM produces better accuracies and produces less amounts of wastes 
[11-13]. 
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Chapter 2 : Literature Review and Previous Work 
Section 2.1 Overview of Literature Review 
 The following literature review will discuss sustainability and how it can be effected by a 
number of issues. Sustainability is a large concept that can be adapted to many areas of 
manufacturing. In this study, the tool and die industry was focused on because this industry 
utilizes both types of machines (mills and WEDMs) and exhibits the sustainability issues that can 
occur with using them. First, sustainability in manufacturing will be discussed to show that power 
usage, cutting fluids, tooling and dry/dryish machining proves to be areas that need improvement 
in the manufacturing world. Next, each topic will be broken down and researched in this thesis to 
show their respective contributions to sustainability. Other researchers' data and information will 
be discussed within their relevant section. Their results and data will then be compared to the 
experiment performed in this thesis in Chapter 4 and 5.   
  
Section 2.2 Introduction to Sustainable Manufacturing  
2.2.1 The Study of Sustainable Manufacturing 
 The study of sustainability emerged from the fears of resource depletion and 
environmental incidents in the 1980's and 1990's. There are many different forms of sustainability 
such as social, economical, and environmental sustainability. Since population growth and the 
quality of life have increased, the amount of produced goods that are needed has increased [2]. 
With the increases in production, more stress has been put on the environment. This is especially 
exhibited in manufacturing requiring large quantities of water [14].  
 The United States produces more production waste than any other country but the U.S. is 
not the only one that exhibits this environmental stress. Environmental stress due to production 
wastes is shown to be a global problem [14]. Manufacturing is a key component to human life 
and will always be around. As a result, the study of sustainable manufacturing was born.  
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 Sustainable manufacturing is an important topic used to examine how a manufacturing 
process is done and to provide better ways of planning, analyzing and developing improvements. 
Thus, there has been an accepted standard for evaluating the performance of a manufacturing 
process for sustainability, refer to Figure 2.1 [2]. 
 
 
Figure 2.1. Input/Output Diagram for a Machining Process [2] 
  
2.2.2 General Sustainability Costs in Manufacturing 
 Over 50% of the electrical power used in the United States is made by burning coal. Coal 
fire power plants are only about 35% efficient; meaning that for every 100 BTUs released from 
burning coal only 35 BTUs of electrical energy is produced. Other major sources for electrical 
energy are produced from nuclear (about 20%) and natural gas (about 18%) [15]. The Annual 
Energy Review (AER) is a statistical agency that reports and forecasts costs and consumption of 
energy every year in the United States. The information derived indicates that the United States 
consumes more power than it can produce. Thus, it must import its energy resources, see Figure 
2.2 [16].   
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Figure 2.2. Power Consumption for the United States [16] 
 
 The AER breaks up the usage into four different categories. These categories are the 
residential, commercial, transportation, and industrial sectors. The AER for 2008 estimated 31% 
of the energy consumption went into manufacturing. Manufacturing energy came from resources 
such as coal, natural gas, petroleum, biomass, and retail electricity. For 2010, manufacturing 
energy consumption hasn't decreased and is still at an estimated 31% usage among the different 
sections, see Figure 2.3. For 2009, it suggests that about $184 billion was paid for consuming the 
required energy [16]. It has also been estimated that 19% of the world's emissions from green 
house gases results from manufacturing [4].  
 
 
Figure 2.3. Division of Energy Consumption Among the Sectors [16] 
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 Although these numbers provide good information on the amount of power usage for 
manufacturing, it only looks at one aspect of consuming. This doesn't take into account the cost 
inputs such as the input materials to get an industrial process started as well the other auxiliary 
materials to help keep that process going. This also doesn't include the output materials that come 
out of the industrial process. These are the waste heats and by-products produced during and after 
those input materials were used. Ongoing research has been directed toward trying to discover 
ways to reduce the amount of energy consumption, pollutants and by-products that are emitted 
from these manufacturing processes while trying to obtain the best quality product in the shortest 
amount of time. 
 Industry is always trying to keep productivity high while maintaining best part quality at 
the lowest costs while following environmental regulations. There are several strategies for not 
only lowering the environmental impacts of manufacturing but also reducing the manufacturing 
costs. These strategies can be put into three categories: the reduction of cleaning and cutting 
fluids, better cutting tool materials to support the reduction of the cutting fluids, and 
manufacturing monitoring to see where other areas in manufacturing can be more sustainable. In 
2007, about $71 billion went toward machine tool sales and about $82 billion in 2008 [4]. Neil 
Canter breaks down the costs involved in machining, shown in Figure 2.4.  
 
 
Figure 2.4. Manufacturing Cost Break Down [17] 
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 From Figure 2.4, it is shown that 16% of the costs that go into machining come from 
coolants. Another article, "Dry Goods," suggests that back in 2004 the costs for coolants were 
about 15%. For example, two companies that have recorded their coolant costs are Caterpillar and 
Ford Motor Company. In 2001, an estimated 0.9% of Caterpillar's total manufacturing went 
toward cutting fluids [17, 18]. These costs include the purchase, disposal, containment, 
maintenance and labor put into managing the cutting fluids. At Ford's transmission plant in 
Livonia, MI, coolant related costs were roughly 10-20% of total machining costs. In that 
percentage, 42% went toward cutting fluid maintenance equipment and 33% went toward 
operational energy costs [19]. An estimate suggests that over 100 million gallons of oils are used 
in the United States which costs about $48 billion dollars a year to the purchase and disposal of 
cutting fluids. Germany consumes about 75,500 tons a year which costs about 1 billion German 
Marks. Japan spends about 71 billion yen on the purchase and disposal of the cutting fluids [20]. 
 These costs do not include the safety of the operators. This is described as slipping in a 
pool of coolant or skin irritations from cutting fluid exposure. It is estimated that about 1 million 
operators were exposed to cutting fluids in the United States. According to the 1995 Census of 
Japan, about 220,000 operators were exposed to cutting fluids in Japan [20].  
 Since coolant and lubrication reduction is one of the larger areas of cost, research has 
been placed in finding ways of minimizing or completely negating cutting fluids [4]. This concept 
is what gave birth to dry or dryish machining, which will be discussed in further detail in Chapter 
2, Section 2.5.  
 
Section 2.3 Power Consumption and Specific Energy in Milling 
2.3.1 Calculating Theoretical Power Consumption and Specific Energy for Milling 
 Power is the rate at which energy is transferred, which has the units of Joule per second, 
also known as a Watt, or horsepower. In milling, power can be looked at in several locations: 
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power at the cutting tool and power at the motor. Power at the tool helps relate to how much 
energy is needed to cut the material and this relates back to how much power is needed from the 
motor.  
 Power in milling can be derived by first looking at all the input parameters that contribute 
to the metal removal rate (MRR). The equations go as follows: 
     
   
   
                                                  
  
   
  {Eq. 2-1}  
The cut thickness is the width of material machined off by the tool. If a full slot is done with an 
endmill then that would be the full diameter of the tool. If only half of the tool is engaged then 
that would be half the tool diameter. The feed rate is calculated by: 
           
  
   
        
  
     
                
     
   
     
   
   
    {Eq. 2-2}  
The recommended feed, in inches per tooth, usually is given by a manufacturer or can be found in 
the Machinist Handbook under feeds and speeds for the type of operation that is being done. The 
number of flutes comes from how many teeth are on the endmill or tool being used. The RPM has 
to be calculated as well. RPM can be calculated as follows: 
  
   
   
  
    
              
        {Eq. 2-3} 
V is the amount of surface feet per minute (sfpm) the tool has to move or also known as the 
speed. This number can be found from a manufacturer's recommended sfpm for the tool or in the 
Machinist Handbook under feeds and speeds for the tool being used. Knowing the feed rate and 
cutting force power can be directly calculated. Power can be defined by horsepower or kilowatt.  
                 
  
   
                         {Eq. 2-4}  
Now, combining Eq. 2-1 and Eq. 2-4 the equation results: 
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 = Kp     {Eq. 2-5}  
The power divided by the MRR gives a constant known as Kp. This constant has the units of unit 
horsepower or specific power consumption (Joule per cubic meter). Kp can be found in the 
Machinist Handbook. By putting Kp back into Eq. 2-5, as shown, and combining it with Eq. 2-4, 
results in: 
                                                           
  
   
   {Eq. 2-
6} 
Eq 2-6 provides a rough estimate of the power consumption, at the cutting tool during machining, 
without taking into account other correction factors. These correction factors are the tool wear 
constant (W) and feed factor power constant (C). These values can be obtained in the tables of the 
Machinist Handbook. Multiplying these constants give a better approximation for the power 
consumption at the tool [21]. 
                                                                 
  
   
       {Eq. 2-
7} 
The estimated power the motor uses during machining is calculated by taking the cutting power 
and dividing it by the machine tool efficiency factor, which is also in the Machinist Handbook. 
This efficiency factor is determined by how the motor is connected to the spindle and the percent 
loss that occurs between the connections of two sources [21].  
           
            
                       
      {Eq. 2-
8} 
 Specific energy is the amount of energy needed per mass of the material removed. To 
calculate the specific energy, the cutting time is first needed. Cutting time is how long it takes for 
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the tool to cut through the part. The lead-in is how much space is taken into account before the 
tool contacts the workpiece. A lead in is necessary because a tool cannot start directly on the edge 
of a workpiece. 
                    
                                         
            
  
   
     
   
   
 
    {Eq. 2-9} 
The amount of material removed can be estimated by finding the volume of the material removed 
and multiplying it by the density of the material being cut. Next, energy must be calculated.  
                                                            {Eq. 2-
10} 
 
The specific energy is calculated by taking the energy and dividing it by the cutting time. The 
0.70678 is a conversion factor to go from horsepower seconds to BTUs.  
                
   
   
   
                      
          
    {Eq. 2-11} 
 
2.3.2 Power Consumption and Energy Study 
 Estimating power and energy use for different metal removal rates depends on many 
different factors such as material type, presence of cutting fluids, tool sharpness, cutting energy 
available from the machine and other variables that change the cutting characteristics. The 
environmental aspect stems from how much energy was used to remove material. Different 
materials produce different ranges of specific cutting energies. But this is only a small fraction of 
how much total energy is actually put into a machining a part [15]. This does not take into 
account the auxiliary equipment and displays used on the machines to change out tooling, provide 
cooling/lubrication or other tasks that are required by production level equipment. Older manual 
machines do not utilize as many types of extra auxiliary devices as do automated machines [15, 
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22]. A comparison of a manual and an automated mills were done, see in Figure 2.5. The 
automated mill is a 1988 Cincinnati Milacron automated milling machine and the manual mill is a 
1985 Bridgeport. 
 
 
Figure 2.5. Automated Mill (left) Versus Manual Mill (right) Auxiliary Power Uses [15] 
  
 These figures are important because over the life of the equipment the amount of power 
needed for machining may increase because of age and efficiency of the motor. Actual machining 
power usage will change with altering the machining parameters, but in theory the amount of 
energy to actually cut a material should be the same from machine to machine. This is assuming 
that the material properties, operating parameters, and tool characteristics are constant with each 
machine. In reality, the amount of energy required to cut the material is just a small fraction of 
energy compared to the overall amount of energy used [15, 22]. Further detail of Dahmus et. al's 
and Kordonowy's experimental work is found in Section 2.3.3. 
 It has also been shown that when a machine has been sitting in idle for long period of 
time that a large amount of energy is consumed. Energy saving efforts can be focused on not only 
the machines but the sub-levels (the auxiliary equipment on the machine) as well [2]. 
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2.3.3 Power Usage Assessment and Predictions for Milling 
 There have been several research studies focused on how to access and predict the power 
draw from machines. Some studies show with increasing MRR the trends in power demand can 
be parabolic or even linear [23]. 
 Kordonowy performed tests with automated and manual milling machines to test the 
amount of power that was consumed in the experiments. The RPM and feed rate were held 
constant while only adjusting the depths of cut to obtain different metal removal rates, shown in 
Table 2.1. Kordonowy used 6061-T6 aluminum and machined it at an RPM of 2000 with a 
constant feed rate of 20 inches per minute. Two different manual mills (Bridgeport F-5-09-355 
and Bridgeport 6-X005) where used in his experiments to see how two different types of 
machines compared in power usage. Kordonowy also used cutting fluids for his experiments to 
remove the chips from the workpiece [22]. The final power readout is shown in Table 2.2. 
 
Table 2.1. Parameters for Experiment with Manual Mills[22] 
 
 
Table 2.2. Power Readouts for Experiment with Manual Mills [22]  
 
 
 Comparing his theoretical power with his measured power, Table 2.3, the measured 
power does not match the theoretical results. It was observed that shallower cuts seemed to be 
more accurate for these machines. Age and their life time of use could be a significant factor to 
the larger differences in the theoretical power compared to the measured power [22]. 
Material Used Tooling RPM Feed Rate (in/min) Depths (in)
6061-T6 Al 3-flute 2" end mill 2000 20 0.05, 0.1, 0.15
Bridgeport (F-5-09-355) Bridgeport (6-X005)
140 140
Unloaded Motors 530 580
1060 1340
1630 1680
2260 (stalled) 2350
Power Consumption (Watts)
Digital Readout (3-phase 480V)
MRR: 5.46 x 10
-7
 m
3
/s (33.32 x 10
-3
 in
3
/s)
MRR: 10.92 x 10
-7
 m
3
/s (66.64 x 10
-3
 in
3
/s)
MRR: 16.38 x 10
-7
 m
3
/s (99.96 x 10
-3 
in
3
/s)
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Material Used Tooling RPM Feed Rate (in/min) Depths (in)
6061-T6 Al 3-flute 3.15" end mill 2000 70 0.075, 0.15, 0.2
 
Table 2.3. Theoretical Power Consumption Compared to Measured Power Consumption for 
Manual Mills [22]  
 
 Kordonowy also performed similar experiments on automated milling machines, a 1998 
Bridgeport Torq-Cut TC3 and a 1988 CNC Cincinnati Milacron 7VC. The depths chosen were 
higher than the manual mills, shown in Table 2.4. Because of this higher metal removal rates and 
power usage were shown. From Table 2.2 and 2.5, it is also noted that there are many more 
functions that are performed in an automated mill that requires power [22]. 
 
Table 2.4. Process Parameters for Power Experiment (Automated Mills) [22] 
 
Table 2.5. Power Readouts Experiment with Automated Mills [22] 
 
 
 The same conclusions were shown when the theoretical calculations were compared to 
the measured data for the automated mills, refer to Table 2.6. It can be rationalized that the 
cm
3
/s (in
3
/min) Watts (HP) Watts (HP) Watts (HP)
0.546   (1.999) 975   (1.307) 1060   (1.421) 1340    (1.797)
1.092   (3.998) 1950   (2.615) 1630   (2.186) 1680   (2.253)
1.638    (5.997) 2910   (3.902) 2260 (stalled)   (3.03) 2350   (3.151)
Bridgeport (6-X005)MRR 
Theoretical Power 
Consumption
Bridgeport (F-5-09-355)
Bridgeport Torq-Cut TC3 CNC Cincinnati Milacron 7VC
At 3-phase 230V At 3-phase 480V
410 1680
90 > 0
140 1200
140 140
140 340
460 960
230 480
690 1440
90 240
2420 2400
> 3570 (stalled) 4800
MRR: 13.55 x 10
-6
 m
3
/s (82.69 x 10
-2 
in
3
/s) > 4600 (stalled) 6000
MRR: 9.03 x 10
-6
 m
3
/s (55.10 x 10
-2
 in
3
/s)
Servos
Power Consumption (Watts)
Coolant Pump
Spindle Key
Unloaded Motors
Jog (x/y/z axis movement)
Tool Change
Spindle (z-axis translation)
Carousel Rotation
Computer and Fans
MRR: 4.51 x 10
-6
 m
3
/s (27.58 x 10
-2
 in
3
/s)
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increases in metal removal rate from the increased depth of cut and the extra auxiliary equipment 
contribute to the higher power usage. 
 
Table 2.6. Theoretical Power Compared to Measured Power for Automated Mills [22] 
 
 
 Kordonowy found that a larger MRR will produce higher power consumption due to the 
increased load in the machine, shown in Figure 2.6. The increased load is due from the greater 
depth of cut, thus putting more load on the machine tool. It can also been seen that the automated 
mills had a higher power usage than the manual mills. It was also concluded that the newer Torq-
Cut is more efficient with the amount of power it used compared to the older 7VC. Kordonowy 
found that the manual mills used as little as a tenth of the power compared to the automated 
milling machines. A true comparison of the machines would need to compare the power usage of 
an automated milled versus the manual mill, its power usage, and the labor cost of the operator 
using the mill during machining [22]. 
 
 
Figure 2.6. Changing Power Usage with Increasing MRR [22]  
cm
3
/s (in
3
/min) Watts (HP) Watts (HP) Watts (HP)
4.52   (16.55) 3070   (4.117) 3340 (4.48) 5760    (7.724)
9.03   (33.06) 6150   (8.247) > 4490 (stalled)   (6.02) 8160   (10.94)
12.04   (44.08) 8190   (10.983) > 5520 (stalled)    (7.402) 9360   (12.55)
MRR (cm
3
/s)
Theoretical Power 
Consumption (W)
Bridgeport Torq-Cut TC3
Cincinnati Milacron 
7VC-750
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 In another study, utilizing a smaller micromachining center (NV1500 DCG), the power 
demand as a function of the metal removal rate was studied using three different types of 
endmills. The experiment was done on a 1018 steel workpiece and the widths of cut were varied 
by 1 to 7 mm increments (0.04 - 0.276 inches). The chip load was kept fairly constant with the 
use of each tool. The parameters are shown in Table 2.7 [23]. 
 
Table 2.7. Process Parameters for Varied Widths with 1018 Steel [23] 
 
  
 The power demand shows a shift from a parabolic shape to a linear shape between the 
different types of endmills used. The four flute TiN tool shows a greater power demand than the 
other two tools, refer to Figure 2.7 [23]. This is because of the increased feed rate and spindle 
speeds that the four flute coated tool utilized [23].  
 
 
Figure 2.7. Power Demand as a Function of MRR for the Average Values [23]  
2 flute uncoated carbide 5426 330 (13) 0.033 (0.0013) 11 - 83 (0.04 - 0.30)
2 flute TiN coated carbide 7060 430 (16.9) 0.03 (0.0012) 14 - 108 (0.051 - 0.40)
4 flute TiN coated carbide 7060 860 (33.9) 0.03 (0.0012) 29-215 (0.106 - 0.79)
mm/tooth 
(in/tooth)
mm
3
/sec (in
3
/min)
Cutter
MRRChip LoadFeed Rate
Spinde 
Speed
mm/min  
(in/min)
rev/min
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 Next, an analysis was performed to observe how altering the depths of cut would change 
the power demand. For this experiment, the 8 mm (0.314 in) diameter 2 flute uncoated and coated 
carbide endmills were used. The depths chosen were at 1, 2, 4, and 8 mm (.04, 0.079, 0.157, and 
0.314 inches). The spindle speeds and feeds were varied while the chip load was kept constant at 
0.051 
mm
/tooth (0.002 
in
/tooth), shown in Table 2.8 [23].  
 
Table 2.8. Process Parameters for Varied Depths with 1018 Steel [23]  
 
 
The results still showed an increase in power demand with load and decreases with the increased 
MRR. It was concluded that, between the two experiments, decreasing MRR has a more dominate 
influence over power demand than does increased loading. Also, energy consumption still drops 
significantly with the increase in material removal rate as the power demand increases [23]. This 
is better represented by Figure 2.8. 
 
 
Figure 2.8. Power and Energy as a Function of MRR for the Depth of Cut [23]  
2 flute uncoated carbide 2500 - 3200 254 - 325 (10 - 12.8) 0.051 (0.002) 40 - 250 (0.15 - 0.92)
2 flute TiN coated carbide 3250 - 4160 330 - 425 (13 - 16.7) 0.051 (0.002) 50 - 330 (0.18 - 1.21)
Cutter
Spinde 
Speed
Feed Rate Chip Load MRR
rev/min mm/min  (in/min)
mm/tooth 
(in/tooth)
mm
3
/sec (in
3
/min)
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The overall conclusion from these experiments would be that the increases in metal removal rate 
from the initial inputted parameters contribute to the increases in power consumed.  
 
2.3.4 Specific Energy Use and Modeling in Milling 
 A lot of environmental impacts are due from power usage. As previously stated, metal 
removal rates, which stem primarily from the energy to cut a material, can contribute toward 
power consumed. Cutting energies depend on many different variables such as workpiece 
material properties, cutting fluids, tools, and machine process parameters. For example, 
aluminums can have a cutting specific energy range of 0.4 to 1.1 Ws/m
3
 (6.21E-9 to 1.71E-8 
BTU/in
3
) whereas steel would have a range from 2.7 to 9.3 Ws/m
3
 (4.19E-8 to 1.44E-7 BTU/in
3
) 
[15].  
 Looking back into Diaz et. al's work, the specific energy has a inverse relationship with 
the MRR. This is because the machining time improves, see Figure 2.9. This gain would be 
beneficial for parts that require a high amount of material removal. Diaz et. al. states, "In 
characterizing the energy consumption of a machine tool, as the MRR approaches infinity, the 
specific energy is expected to reach a steady state of zero. Given the work volume, spindle speed 
and table feed constraints of the machine tool as well as the max load that can be applied without 
deforming the main body frame or breaking the spindle motor the operator will never reach a 
MRR near infinity [23]." 
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Figure 2.9. Specific Energy as a Function of MRR [23]  
  
Knowing how the energies act during the experiment, a model was developed to predict the 
specific energy use for milling. 
 
     
 
   
            {Eq. 2-12} 
 
Where ecut is the specific energy, k is the power, MRR is the metal removal and b is the steady-
state specific energy. The best fit model for Figure 2.9 is shown in Eq. 2-13 [23]. 
 
           
 
   
              {Eq. 2-13} 
 
It is suggested that the differences between the micro and macro scale machining is how the x and 
y axis shifts in magnitude, refer to Figure 2.10. 
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Figure 2.10. Micro and Macro Scale Machining Difference in Specific Energy Vs MRR [23]  
 
 The process rate or MRR is one of the most important variables for estimating the 
specific energy requirements in machining. Gutowski et. al. found data of several automated 
milling machines and a couple of manual milling machines to see how the specific energy 
changed with different types of milling machines. This data is shown in Table 2.9. Utilizing that 
data, Gutowski et. al. found that increasing process rate actually leads to a lower specific energy 
requirement. A graph was made to represent the specific energy change as the MRR changes, 
refer to Figure 2.11. The idea of increasing processing rates to decrease the specific energy 
requirements was also analyzed for other manufacturing processes.  An equation was developed 
that is similar to Eq. 2-12 [24].  
 
        
  
  
            {Eq. 2-14} 
 
Where B is the specific energy per unit of material processed, P is the total power (kW or HP), Po 
is the idle power (kW or HP). k is the specific cutting energy, which is related to the workpiece 
hardness. 
 With this in mind, equipment can be redesigned to have faster processing rates and 
theoretically, lower power usage.  Gutowski et. al. concluded that the supporting equipment and 
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auxiliary equipment for the machines would need to be upgraded to support the higher MRR and 
this would also lead to increases in power draw [24].  
 
Table 2.9. Specific Energy Requirements for Rough and Finish Milling [24] 
  
 
 
Figure 2.11. Specific Energy Vs MRR of CNC Mills and Manual Mills [24] 
 
kW (HP) cm
3
/s (in
3
/min) J/cm
3 
| (BTU/in
3
)
194.8 (261.2) 20 (73.23) 14200 (220.55)
194.8 (261.2) 4.7 (17.21) 60000 (93.19)
10.65 (14.28) 5 (18.31) 3500 (54.36)
10.65 (14.28) 1.2 (4.39) 15000 (232.97)
2.8 (3.75) 1.5 (5.49) 4900 (76.1)
2.8 (3.75) 0.35 (1.28) 21000 (326.17)
75.16 (100.79) 0.401 (1.47) 187000 (904.47)
4680000 (72689.48)
Rough Mill 
Machining
Finish Mill 
Machining
Power Required Process Rate Electricity Required
SI units (English units):
Process
9.59 (12.86) 0.00205 (0.00751)
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Section 2.4 WEDM Process Parameter Studies 
2.4.1 WEDM Power Observations 
 Wire machines can be much more difficult when it comes to changing the machining 
parameters. For example, changing the pulse width to a very low value may make the machine 
automatically change the time between the pulses to compensate for the lower pulse width value. 
Cho ran tests on a Robofil 1020SI wire EDM to analyze the metal removal rate by altering 
machining parameters. During this operation, Cho used an oscilloscope to record the current 
between the anode and cathode during the machining operation. The material that was cut was a 
0.25 inch (6.35 mm) thick piece of aluminum.  With the changes in the sparking time and short 
pulse times, the values for consumed power and MRR are shown in Table 2.10 [25]. 
Table 2.10. Data Collected for Power Consumption Experiment [25] 
  
 
As the MRR increases, the power needed is also increased. The trend resulted was linear, refer to 
Figure 2.12. The max power that was consumed in the test was 2.25 HP (7400 kVA) [25]. This is 
a similar trend toward milling. The more metal removal rate increases the more power is needed 
to support that metal removal rate. 
mm/s (in/min) mm
2
/s (in
2
/min) Amps Volts kVA (HP)
0.6 (1.42) 3.81 (0.354) 12 45 540 (724)
0.7 (1.65) 4.45 (0.414) 1 45 450 (603)
1.4 (3.31) 8.89 (0.827) 15 45 675 (905)
2 (4.72) 12.7 (1.18) 16 45 720 (965)
2.8 (6.61) 17.8 (1.66) 20 45 900 (1206)
3.3 (7.80) 20.96 (1.95) 27 45 1215 (1629)
4.3 (10.56) 27.3 (2.54) 35 45 1575 (2112)
5.3 (12.52) 33.66 (3.13) 37 45 1665 (2232)
Feed Rate 
(mm/s)
MRR Current 
Average 
Voltage 
Power Consumed
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Figure 2.12. Power Consumption as a Function of MRR [25] 
 
 
2.4.3 WEDM Process Parameters on MRR 
 Changing the operating parameters on the WEDM is much different than changing them 
on a mill. Increasing feed, speed and depths of cut are the simplest ways of increasing the MRR 
for the mill. For the WEDM, there are many different parameters and machining modes that 
allow the machine to cut faster or give better surface finishes. Increasing the pulse width may 
increase the machining rate but give poorer surface tolerance and roughness. The other difficulty 
with the operating parameters in WEDM is that every manufacturer may call them something 
different. Some studies have emerged that have analyzed the effects of MRR, surface finish and 
the kerf to find a mathematical model that would allow for each one of these variables to be 
improved simultaneously [26]. 
 Investigating the individual parameters, Cho found that as the pulse duration increased 
the MRR increased linearly, but looking at the duration between the pulses resulted in the 
opposite. As the time between the pulses increased, the MRR decreased as a negative power, 
y=C*x
-m
 [25]. The trends are shown in Figures 2.13 and 2.14. 
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Figure 2.13. MRR (mm
2
/s) as a Function of Pulse Duration (s) [25] 
 
Cho also found by increasing the pulse duration the surface roughness got worse. The sparks from 
the machine were more "intermitted" during the increases [25]. 
 
 
Figure 2.14. MRR (mm
2
/s) as a Function of Time Between Pulses (s) [25] 
 
 Singh et. al. studied the effects of pulse on time (Ton), pulse off time (Toff), servo 
voltage (SV), peak current (IP), wire feed (WF) and wire tension (WT) to see the differences in 
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MRR from altering these operating conditions. The WEDM machine that was utilized was an 
ELECTRONICA SPRINTCUT WEDM with 0.25 mm (0.01inch) CuZn37 Master Brass wire. 
The material that was used was H-11 hot die steel [28]. The following figures illustrate how the 
WEDM parameters were changed and how it affected the MRR. As the pulse off time is 
increased, the metal removal rate decreases but as the pulse on time was increased the metal 
removal rate increased, see Figure 2.15 and 2.16. Pulse on time can also be referred to as pulse 
width or pulse duration. Neither wire tension nor wire feed have any effect on the metal removal 
rate, shown in Figure 2.17 and 2.18, but wire tension does affect the precision of the part. Too 
high of tension will break the wire as it is roughing. As the servo voltage increases the metal 
removal rate will slow down, see Figure 2.20 [28].  
 
 
Figure 2.15. Metal Removal Rate Vs Pulse Off Time [28] 
 
 
Figure 2.16. Metal Removal Rate Vs Pulse On Time [28] 
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Figure 2.17. Material Removal Rate Vs Wire Tension [28] 
 
 
 
Figure 2.18. Material Remvoal Rate Vs Wire Feed [28] 
 
 
 
 
Figure 2.19. Material Removal Rate Vs Peak Current [28] 
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Figure 2.20. Material Removal Rate Vs Servo Voltage [28] 
 
 Lastly in regards to surface finish, Singh et. al. concluded that most WEDM machines 
that utilize the pulse generating circuit are not suitable for finishing process since the generated 
energy is too high no matter how low the pulse on time is. Decreasing the pulse duration did 
result in an improved surface roughness. The pulse generating circuit is a circuit that allows for 
lower power during ignition and high power for machining for increased MRR [26].  
 The information pertaining to Singh et. al's work was used to help identify the possible 
operating parameters for the experimental work done in this thesis. Since the sustainability is the 
goal, the parameters analyzed will be based on how they change the metal removal rate, surface 
roughness and power draw. 
 
2.4.3 WEDM Current at the Gap 
 Current at the gap is important to understand because the gap is where the machining 
occurs and where the ending surface roughness of the cut occurs. Gap current is the pulsing 
current that flows in the gap between the workpiece and the electrode wire. Many different inputs 
can control what happens with the current at the gap.  Garg investigated the operating parameters 
that would change the current at the gap. Increasing the pulse on time, the gap current increased 
which also increased the surface roughness. Also, increasing the pulse off time would increase the 
current at the gap and keep the surface roughness at a constant value. When servo voltage was 
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increased the gap current went down but the surface roughness increased. Lastly, increases in the 
peak current increased the gap current and showed some increase in the surface roughness [30].  
 It is difficult to relate sustainability differences for an overall power perspective to the 
gap current due to all the changes that can possibly occur at the gap. Relating obtainable surface 
roughness to overall power usage is a more important area of interest for this thesis. Gap current 
will be touched on in Section 5.4 to see how the altered machining parameters changed the gap 
current.  
 
Section 2.5 Cutting Fluids and Dielectrics 
2.5.1 General Cutting Fluid Information 
 Heat is generated from friction when the machine tool applies a force to the workpiece. 
Heat can adversely affect the overall quality of the part by heating up both the tool and 
workpiece. When this happens the two metals can become "sticky" which hurts the cutting 
process.  Instead of shearing off the material like the tool was designed to do, the workpiece 
material latches on to the tool edge. This results in poor surface quality on the workpiece and 
increased tool wear. Cutting fluids were adopted in order to cool or lubricate the cutting process. 
Cutting fluids can be broken up into two basic categories, lubricants and coolants. Lubricants are 
the fluids that help reduce the friction between the workpiece and the tool. The higher the 
viscosity of the lubricant, the better its lubricity is for cutting. Coolants can be described as the 
fluids that prevent the machining work from overheating. Cutting fluids are not only known for 
helping to reduce heat and friction between the tool and work but also provide corrosion 
protection [27].  
 Water can be a good type of coolant to reduce the heat generated, but it contributes to the 
formation of rust on most metals. Additives such as soluble oils and different types of chemicals 
can be used to help with rust control.  About 95% of the soluble oils mixtures are water while the 
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other 5% is the rust prevention chemicals. The oils used are typically naphthenic or paraffinic 
oils. The emulsifiers that help suspend the oils in the water are usually sodium sulfonate, 
nonylphenol ethoxylates, PEG esters, and alkanolamides [15]. Defined by Iowa Waste Reduction 
Center, a good cutting fluid should consist of properties such as [27]: 
 "- Good cooling capacity 
   - Good lubrication 
   - Rust resistance 
    - Stability - for long life 
   - Resistance to rancidity 
   - Nontoxic 
   - Transparent - help operator see work clearly during machining 
   - Relatively low viscosity - to permit the chips and dirt to settle quickly 
   - Nonflammable - to avoid burning easily and should be noncombustible"    
Combining more additives with the two basic categories breaks them down further into four 
general areas of cutting fluids. These consist of the straight oils, soluble oils, synthetics and the 
semisynthetics. 
 The straight oils contain no water but instead mineral oils, petroleum or vegetable base 
type oils and these are sometimes combined with additives. These fluids do not have good heat 
transfer capabilities but provide good lubrications. Also, because of the higher viscosity that is 
usually associated with the use of straight oils, longer clean up times are needed. Longer clean up 
times result in a more money spent in clean up. Soluble type oil mixtures contain oil and water 
which have increased cooling properties over the straight oils because of the addition of water. 
These usually contain an additive to help inhibit rust as well as to prevent bacteria growth in the 
cutting fluid [29]. Rust inhibiting chemicals include calcium sulfonate, alkanoamides and blown 
waxes. To control bacteria growth, some pesticides and formaldehydes are used but have to be 
registered to the Environmental Protection Agency (EPA) [15]. There are semi-synthetics which 
are similar to the soluble oils but contain a portion of inorganic compounds that are able to 
dissolve in water.  These also contain less petroleum based oils and more chemicals. The full 
synthetics are chemical fluids that contain a large amount of organics that are dissolved in water 
and no petroleum based fluids. These types of fluids are known for having the best type of 
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cooling performance and not needing much in the way of maintenance compared to the other 
fluid types [27]. The downfall of this fluid is that there is more of a health risk with dermatitis 
[27, 31] and they are for more cutting material that requires less lubricity [27].  
 Biodegradable fluids have been the focus in the European Unions to act as lubricants. 
One of which is a water-based mixed with vegetable oil ingredients as well as a straight vegetable 
oil-based lubricants. These types of fluids have a lower toxicity hence improving the 
environmental and health related areas. They are being sold as oil-in-water emulsions, composed 
mostly of vegetable based mixes, in the European Unions [29].  
 
2.5.2 General Dielectric Information 
 Dielectric is the fluid primarily used in electro-type machining processes. It is the fluid 
medium that allows the spark from the acting electrode to contact the workpiece. The dielectric 
has another function besides just acting as a medium. Different dielectrics can change the 
thickness of the recast layer left on the material after machining. Wire EDM can use deionized 
water, certain oils or a mixture of both for its dielectric. Using an oil type or mixed dielectric can 
improve the surface finish but will reduce the cutting speeds allowed. These types of dielectrics 
can also change the surface of the workpiece as well. A heat treating process can occur on the 
surface of the workpiece which takes place due to the dreak down of hydrocarbons in the oil 
dielectric. The carbon atoms are drawn to the molten metal on the workpiece surface and are 
trapped in the recast layer causing a carburized surface. The result is a harder surface compared to 
the base material. Using water as a dielectric can actually deplete carbon from the material's 
surface which would make the surface more ductile and less rust resistive [32]. 
 Research has been done on alternate dielectrics that contain different hydrocarbons. This 
research was focused upon punching tools that are made out of cemented carbide. If deionized 
water is used to machine this type of material, chemical corrosion occurs due to the depletion of 
cobalt out of the carbide's surface. For the die industry, this is a problem. When creating tool 
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punches, the edge of the punch loses its strength and is crushed when a force is acted upon it. 
Typically, hydrocarbon dielectrics decrease the machining speed so research was focused on 
using certain additives to the dielectric to obtain the best machining performance. OH 2286 
IONOFIL type dielectric was chosen for the final dielectric and outperformed deionized water. 
With deionized water, the surface roughness (Ra) that was achieved was 0.25 m (9.84 inches), 
but there was thermal cracking and corrosion up to 10m (393.7 inches) into the surface. Using 
the OH 2286 IONOFIL type dielectric, the same surface roughness (Ra) was achieved at 0.25 m 
(9.84 inches). The damaged layer was only up to 2 m (0.787 inches). This dielectric allows 
for lower obtainable recast layers and the ability to neglect the need for a finish pass [34].  
 
2.5.3 Cutting Fluid and Dielectric Maintenance  
 Cutting fluid needs to be regularly monitored if it goes through a fluid recycling system 
as is utilized on most CNC equipment. Over time water based cutting fluid can evaporate and 
cause differences in the pH. The quality of water that is added to dilute the pH can be an 
important factor toward the maintenance. Hard water, compared with soft water, has more 
minerals in it. The more total dissolved solids (the minerals) that are added to the water can 
contribute to more particles in the water. The chlorides, salts and sulfates contribute toward rust 
and the growth of bacteria. This is a problem because the quality of water that is added affects the 
cutting fluid life, foaming, residue, corrosion control and even the tool life. The cutting fluid 
concentration can also become skewed through machining. Oils from metals and chips will need 
to be removed from the cutting fluid as well. The use of refractometers has helped with 
determining the amount of dissolve particles in the cutting fluid. Refractometers work by 
measuring how much light is bent when it passes through a fluid [27]. 
 Dielectrics can last several years if the filters on the WEDM are properly checked and 
have a regular maintenance schedule. Dielectric oils eventually break down depending on how 
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much amperage and how often that high amperage is used. A non-carcinogenic clean oil based 
dielectric is typically water clear. Over the course of its lifetime, the color will start to age and go 
to a darker color. Most types of filtration will not remove this color and the dielectric will need to 
be changed [32]. At smaller job shops, like at the University of Nebraska-Lincoln's Engineering 
machine shop, the WEDM is not used as often when compared to a larger industrial based 
machine shop. So the deionized water evaporates more quickly than the filters need to be 
changed. Thus, more of the material that is cut is caught in the filtration systems and the filters 
are monitored more than the deionized water is changed.   
 
2.5.4 Environmental and Human Effects 
 Cutting fluids are known for helping with cooling the tool-workpiece contact area, chip 
removal and lubrication. Even though they are helpful, cutting fluids can also be dangerous for 
the environment and humans. The National Institute of Safety and Health (NIOSH), the EPA, and 
the Occupation Safety and Health Administration (OSHA) have been involved with regulating the 
amount of particulates that a person can be exposed to as well as how the fluids can be disposed 
of. As more stringent regulations are adopted, the cost of use and disposal of cutting fluids are 
significantly increased. The resulting environmental concerns combined with the quantity of 
waste from machining can result in sizeable costs in the treatment of a waste fluid. These costs 
can even become greater than the purchased price of the fluid [31, 33]. 
 Although cutting fluids can help in the machining process, they also add costs and 
environmental concerns to an industry that uses them. These machining fluids have also been 
under much study to determine the permissible exposure for operator safety. In 1997, the 
Occupational Safety and Health Administration (OSHA) formed the Metalworking Fluid 
Standards Committee (MWFSAC) which actually lowered the exposure from 5.0 mg/m
3 
to 0.5 
mg/m
3
. This was put in their final report in 1999, in addition to improving management systems 
and issuing better training to help reduce hazardous exposure for operators. Thus, there have been 
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various forms of research done to help reduce or completely omit the usage of cutting fluids. This 
form of machining has been called dry or dryish machining [17, 35]. 
 Coolants usually contain chemicals such as chlorinated paraffin which reacts with the 
heat generated in the cutting process transforming it into dioxin [33]. These chemicals can 
become airborne and if inhaled, swallowed or even land on the skin can be hazardous. Dioxin can 
cause reproductive, developmental problems, damage to the immune system, hormone 
interferences, and cancer [36]. Cutting fluid mists can be inhaled by the operator and can cause 
throat, pancreas, rectum, and prostate cancers and can also lead to breathing and other respiratory 
illnesses [31, 33]. 
 Skin exposure to the coolants is the primary form of contact. Irritation or allergic 
mechanism may arise. The oil based cutting fluids can cause skin disorders such as foliculitis, oil 
acne, keratoses and carcinomas [33]. Also some coolants and other cutting fluids are susceptible 
to biological growth in the fluid. Biocides are needed to reduce and control the microorganisms 
that could potentially cause health risks for an operator [29, 37]. In addition, if soluble oils are 
being used for machining, spillage can result in additional safety hazardous such as fire hazards 
and slippery floors [27]. 
 
2.5.5 Recycling and Disposal 
 It is recommended that cutting fluids are recycled every two to three weeks on average if 
the machine is regularly used. Regularly recycled fluid can help deter the issue of dermatitis in 
operators. To help recycle fluids better, contaminant removal systems or recycling systems can be 
purchased to help maintain the cutting fluid in the machine. These types of systems typically 
extend fluid life up to 1 to 2 more years. They remove bacteria, dirt, oils and can even adjust the 
concentration of the fluid. Cutting fluid recycling systems typically cost $7,500 to $15,000 
depending on their options [27]. 
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 The first step to help manage the waste built up in the cutting fluid is to separate the 
components that make up the waste fluid. These components can be dirt, chips and oils. The fine 
chips or sludge can be removed and either deemed hazardous or dried and properly disposed. If 
the waste is noted as "hazardous" then the way of disposal falls under the Resource Conversation 
and Recovery Act (RCRA). "Hazardous" is denoted if the waste can contribute to serious illness 
that can cause mortality or be irreversible as well as harmful to the environment [27]. 
 The way the hazardous waste is disposed of is dependent on the category it is based 
under. The categories are ignitability, corrosivity, reactivity and toxicity. In the past, diluting and 
disposing of the waste down the sewers was the common way of handling it. Now, the EPA 
disallows such practices and currently with the Clean Water Act, chemical treatments, 
ultrafiltration, evaporation and contract hauling are some of the options for disposing of 
hazardous wastes [27].  
 Chemical treatments can be difficult to implement on cutting fluid wastes because they 
can contain heavy metals or can be too complex with the addition of basic chemicals. Typically, 
the addition of chemicals just to change the pH is a better option [27]. 
 Ultrafiltration is the one of the cheapest types of disposal when compared to contract 
hauling and incineration. Ultrafiltration units can be operated easily and do not take up much 
space. Ultrafiltration units can cost $5,000 to $13,000 and can filter 100 to 300 gallons of waste a 
day. They are primarily used for the metal working industries to help separate water from the 
other contaminants. When the components are separated, the solids can be incinerated or 
reprocessed for oil recovery. The water can be put into the sewage system [27]. 
 Evaporation systems are machines that take the water out of coolants, which usually are 
90% to 95% water. These machines offer many benefits including: their simplicity to run, amount 
of small storage space and can handle various cutting fluids. These machines do lack the ability to 
eliminate the waste, but instead just reduce the amount. The remaining waste then needs to be 
hauled out [27]. 
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 Contract hauling is maybe the most cost beneficial to smaller machine shops that do not 
produce a lot of waste. For larger machine shops that produce larger amounts of waste used, it is 
typically a better option to try to manage the waste in-house [27]. Certain shops have agreements 
with other companies or contract waste haulers to remove the waste fluids bi-weekly or monthly. 
The Environmental Health and Safety, at the University of Nebraska-Lincoln, works with the 
machine shops on campus to dispose of, recycle and to find ways to treat problems dealing with 
cutting fluids. 
 If the cutting fluid is not a hazardous waste and meets the requirements in Table 2.11, 
then it can be disposed of into the sewage systems.  
 
Table 2.11. Criterion for Cutting Fluid Disposal [27] 
 
  
 Dielectrics in the WEDM can be filled with metallic ions, trash and other types of waste 
metals. These fluids cannot be legally dumped into the sewage systems or landfills. Similar to the 
cutting fluids, precautions should be made for handling the waste. There are no set regulations on 
how to dump used deionized water. Usually if non-hazardous materials were not machined, then 
the filters are just thrown away or recycled and the machine can be drained and refilled with 
deionized water or dielectric oils. The dielectric oils should be disposed of similar to how a 
regular oil-based cutting fluid would be. If it is unknown how to dispose of the fluid, the best 
1.
2.
3.
4.
5.
6.
7.
8.
Can dispose of fluid in sewer if this criteria is satisfied
Have had the oils reduced to less than 100 mg/l
The pH is between 6.0 and 9.0
It does not contain toxic concentrations of heavy metals
Approval from local water treatment plant
Are water soluble
Receive regular biocide additions
Have not become septic
Have had the chips removed
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course of action is to follow the environmental authority's recommendations for the best removal 
instructions [32].  
 Another fluid/grease-like substance is the resin used on the wire for the WEDM. The 
issue with the resin is that it can potentially affect the dielectric fluid. It can be deemed hazardous 
when the material machined contains nickel or chrome. As previously stated, there are no set 
regulations for disposing of the filters or the deionized water [25].   
  
2.5.6 Alternative Cutting Fluids 
 As a result of increasing prices, environmental and human factors and the rise of 
sustainability issues, different types of cutting fluids and ways of machining without cutting 
fluids have emerged. Research has been conducted for investigating alternate cutting fluids that 
reduce the environmental and human health impacts while also increasing the machining 
performance.  Without cutting fluids, dry machining materials, like titanium, would lead to 
significant tool wear, residual stresses, surface finish imparities, and possible tolerancing issues. 
Cutting fluids can also reduce the tool consumption rate which can also prove helpful for the 
environment. Cutting tools can be expensive purchases and upgrading to coated tools may help 
reduce costs. Unfortunately, replacing coated tools can also result in unfavorable emissions due to 
the processes needed to create the coated tool [29].    
    The performance of a fluid for its application is typically the reason it is chosen. For 
studies in dryish machining, fluids need to be selected based on their consumption rates, 
biodegradability, oxidation stability and storage. This is due to the increasing demand for 
environmentally friendly and biodegradable fluids. Synthetic esters and fatty alcohols are the 
types of cutting fluids for dryish or minimum quantity lubrication (MQL) machining. Synthetic 
esters are known as the lubricating vegetable type oils that exhibit higher flash points, have high 
boiling points and resist corrosion [31]. Vegetable oils are more environmentally friendly than 
typical cutting fluids and they are also biodegradable. They do lack the oxidation stability and 
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have a narrow range of viscosity change with temperature. To improve upon the lacking 
properties, different mineral bases and esters can be mixed with the vegetable oils. Other benefits 
of mixed base cutting fluids include lower coefficients of friction compared with straight mineral 
oils [38]. The fatty alcohols are best known for their heat removal in MQL processes. A test study 
of a fluid application was completed on a peripheral mill, utilizing MQL.  The study results 
showed that for the measured cutting force, workpiece temperature, machined surface error and 
air quality that the measured forces were nearly identical to dry and flood type machining. MQL 
did not prove to be successful in the reducing of heat compared to the flooding application but 
proved to be more favorable than in the dry machining process [31]. More about the process of 
dryish machining is located and discussed in Section 2.6. 
  
Section 2.6 Dry and Dryish Machining 
2.6.1 Dry Machining 
 Dry machining is the process of using no cutting fluids, lubricants or coolants, to machine 
a component. The fear with not using cutting fluids comes from the plastic deformation of the 
workpiece due to heat generation as well as the friction that will cause excessive tool wear. As 
tool wear increases, the amount spent on replacing tools to maintain quality production parts 
increases as well. The best way to start looking at decreasing the fluids needed is to look at the 
operations that may not require them as much. Open-faced operations such as milling and boring 
are perfect examples. Because these operations are open, the heat generated can be managed 
better by changing how the machine operates on the workpiece. This can be done by altering the 
feeds, speeds and depths of the cuts. Also in open-faced operations, chips can be moved away 
from the work space much easier utilizing other means such as compressed air [17]. In closed 
operations or operations that require the tool to be very close to the workpiece, like in tapping, 
chips are harder to remove during the process, thus using no cutting fluids is more difficult.  
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 As previously stated, chip removal can be difficult in dry machining. When the chips are 
not properly removed, they can be pushed back into the workpiece hurting the surface finish [18] 
or even jam up the tool which leads to a broken tool. Dry machining can be done but it does 
require some skill. For example, cutting fluid helps to flush the chips out of the hole when drilling 
or in operations that require large depth slots to be milled. Another dry technique in drilling is 
called pecking. Utilizing the rotational movement of the spindle and pecking the material helps 
with the evacuation of the chips from the workpiece. As the tool is removed, most machines can 
use a burst of compressed air to remove the chips from the drill bit. Other chip removal options 
include tilting the table, drilling the workpiece from below to allow gravity to help with the chip 
removal, vacuum systems, or a quick liquid flush at the end of a drilling cycle [18].   
 Tool coatings help with dry machining by providing their own insulation and lubrication 
for cutting materials. Coatings can also help to prevent jams in flutes of the tool. Also the use of 
cryogenics combined with tool coatings has helped in cutting harder materials [20, 39]. 
 
2.6.2 Dryish Machining 
 Reduced amounts of lubrication can contribute to more economical surface qualities and 
tool life. Dryish machining or minimum quantity lubrication (MQL) involves the use of minor 
amounts of cutting fluids between the tool and workpiece interfaces [17, 40]. MQL methods 
reduce the amount of needed cutting fluid which in return reduces cutting fluid maintenance. It 
also contributes to near dry workpieces, reduced oils in the chips, and the use of biocides and 
preservatives are nearly zero [40]. MQL can also have better advantages toward tool life. Some 
coated tools thermal crack when exposed to flood cooling. In Liao's studies, the case of high 
speed machining was compared utilizing dry machining, MQL, and flooding. Tool life decreased 
rapidly when dry machining was just used and thermal cracking resulted from flood machining 
[41]. 
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 A few automotive companies like Ford Motor Company and Mazda Automotive 
Company have seen benefits of MQL. Mazda has incorporated dryish machining into 
manufacturing their engines. The cast engine parts go through different sections of the line that 
allow them to be dryish drilled or milled. They have found that with the effective use of MQL 
that there has been a substantial reduction in waste liquid, up to 80%, and a power consumption 
reduction of 40%. This is because the pump that circulates the fluid is used less due to the 
reduction of fluid needed. In addition, recycling the oil used reduces the volume of oil-based 
waste liquid. The semi-dry system is now in use for about 90% of their processes. This resulted in 
an 84% reduction in the amount of coolants required [42]. Ford has also seen higher related costs 
pertaining to the use of flood style machining. Because of this, Ford has adopted more MQL 
technologies at Ford's transmission plant in Livonia, MI. They have estimated a 17% increase in 
life-cycle costs in a ten year period (2005 and up) [19]. 
 There are three methods of dryish machining. One method employs a compressed air 
system that mixes with a minimal amount of oil. A mist exits the spray nozzle on to the cutting 
tool or the workpiece as air-oil mix. The compressed air is plumbed into a reservoir and the rate 
at which the mix is adjusted is through a valve [29, 40]. The fluid, during the machining process, 
vaporizes which results in the chips being dry [17, 18, 40]. Most MQL flows operate from 0.0022 
to 0.044 
gal
/min (0.5 to 10 
Litres
/hr). Operations such as sawing have involved dryish machining 
principles using vegetable oil-based products and other oil based lubricants. Another method of 
MQL is a pulse generated spray of fluid by a pump. These processes are typically used for 
interrupted processes. The third and most common method of MQL is a system that pumps the 
cutting fluid to a nozzle. There, it is mixed with compressed air. The difference between this 
method and the first is that the pump and compressed air mix can be adjusted individually before 
reaching the nozzle [19, 40]. 
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 The viscosity of the fluid does not have to be high for flooding the tool and workpiece. 
Because the tool and workpiece are not being flooded in dryish machining, the cutting fluid must 
be more viscous to stick to the tool better. Thus, a more viscous fluid is needed in smaller 
quantities to help control the cutting operations. To make use of the small amount of fluid used, 
certain ways of leading the fluid to the correct location are needed [17]. This is not the case in 
high speed machining. Less viscous oils are essential so that the cooling can be more effective 
[41]. Ford Motor Company has seen this in their deep-drilling oil holes in crank cases [19].  
 
2.6.3 Dry and Dryish Machining Conclusions 
 Some of the major issues with dry machining are the ability to control the heat generation 
on the workpiece, the proximities of the tool and workpiece for adequate chip removal, and the 
ability to keep productivity and part quality similar or better than when using cutting fluids. When 
using dry machining the production time for manufacturing a part may end up taking longer 
because there are no fluids involved. Overall for a completely dry machining process, the industry 
needs to decide between the costs of disposal of the fluids and the manufacturing productivity for 
the part.  
 In some cases, dry machining can significantly affect the surface integrity of a workpiece. 
Tool wear is prominent in tools that are used for multiple part making. To ensure that the surface 
integrity is not hindered, the best course of action is to replace the tool with a new tool. Replacing 
tools increases manufacturing costs by increasing the amount of consumed tools and hurting 
production efficiency [43]. Other limitations from dry machining come from the amount of air 
particulates that can arise during the process which could be hazardous to the operator [17, 44]. 
 Dryish machining can help with productivity but in the long run can cost more than 
purely wet machining due to the types of cutting fluids needed. Therefore, a manufacturer must 
know when to use dryish techniques and when these techniques will not be suitable for their 
applications. 
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Section 2.7 Tooling 
2.7.1 Tooling for Mills 
General Tooling   
 Tools can have a direct impact on how much power is used for the machining process. 
The selection process and use can affect how the metal removal rate is affected as well. Although 
tooling can impact the machining process, tools do not have a direct impact on environmental 
costs because they can typically have a long life if maintained properly [15].  This is not taking 
into account the creation of coated tools. 
 
Tool Coatings 
 To help increase the feasibility of dry machining, the use of cutting tool coatings has 
emerged.  Titanium type coatings like titanium nitride (TiN), titanium carbon nitride (TiCN) and 
titanium aluminum nitride (TiAlN) help with the thermal aspects of the machining process. 
TiAlN, for example, can withstand temperatures up to 1652 
o
F (900 
o
C). Coatings such as TiAlN 
and aluminum titanium nitride (AlTiN) provide their own lubricity by creating their own 
aluminum oxide layer which allows the tool-workpiece interface not to stick.  
 In some cases the use of dry machining with coated tools is the superior way of 
machining. This is due to the type of alloys being machined and the coating providing the needed 
lubricity for the cut. Materials that have a lower thermal conductivity tend to hold the heat at the 
tool and workpiece interface. Cast iron is one of the easier metals to machine because the graphite 
within the material makes the chips easier to break. Steel is a little more complex because the tool 
to workpiece contact time has to be monitored to prevent overheating. Stainless steel is much 
more difficult because of the overheating issues as well as the difficulty in chip breakage. 
Aluminum can be another problem to machine. Aluminum has a lower melting point so the 
typical failure behind machining aluminum is due to thermal deformation. To help prevent that 
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type of failure, a smooth cutting edge and increasing the spindle speed decreases the chances of 
sticking to the aluminum [18].  
 Coolants can cause thermal cracking and edge failure on the tool by introducing sudden 
temperature changes as the tooling is plunged into and out of the part. Cutting tools such as TiCN 
can be used in both dry machining and wet machining environments as long as they are not 
thermally shocked. Tools enriched with elements, such as cobalt, help to improve the toughness 
along the cutting edge. Ceramic type cutting tools also have low thermal shock characteristics 
which can make them a good dry machining candidate [18]. The typical costs of coated tooling 
only increases by an average 10% [17].  
Although coatings seem like the answer to the dry machining issue some companies, like 
Caterpillar, have tried to use dry machining in their manufacturing process and has had some 
production issues. Caterpillar could not keep up with their production demand because of the 
changes in the machining parameters that were needed to meet the quality in their parts. This 
includes the use of coated tools.  
 
2.7.2 Wire  
Wire Types 
 Understanding wire types and how they can affect the machining process for WEDM is 
essential for knowing how the machinability will change. Copper, brass, molybdenum and coated 
wires are some of the types of wires available for WEDM. Each one of these electrodes exhibits 
different properties that can alter how a material is machined. Tensile strength, fracture 
resistance, conductivity, and vaporization point are the properties that can differ from one wire to 
another [32, 46].   
 The yield strength of the wire material determines the maximum allowable stress on the 
wire to resist elongation. Fracture resistance means that the wire must have an ability to absorb 
energy without fracturing. Both of these properties help with high speed wire cutting by reducing 
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the amount of wire breakage. Conductivity is the ability of the wire to carry current. The higher 
the conductivity, the more cutting power is present in the wire gap interface. The vaporization of 
the wire is the point at which the wire vaporizes. A lower vaporization point for wire EDM is 
better because the vaporized wire aids in creation of spark ionization. Instead of melting, the 
more vaporization that occurs, the more efficient the flushing process is by suppressing the arc 
between the wire and workpiece. So a lower vaporization point increases the speed the erosion is 
occurring at the workpiece [32, 45, 46].  
 Each wire type is different in property and how it reacts with the current, see Table 2.12. 
Copper wire does not have very high tensile strength (34,000 - 60,000 psi) but does have a high 
conductivity. The thermal conductivity is too high which means that the wire will erode too fast 
and the workpiece will not be effected as much. Wire breakage is common for copper wire. 
 Brass wire has a higher tensile strength (50,000 - 145,000 psi) and lower melting point 
than copper. This is because brass is an alloy of copper and zinc. Brass can also be alloyed with 
other materials such as titanium and aluminum which can increase the tensile strength further but 
decreases its cutting speed. Molybdenum wire has excellent tensile strength (about 275,000 psi) 
and a low wire breakage problem. The issue with molybdenum is that the cutting speed is greatly 
reduced. Thus, molybdenum wire is recommended for only skimming the surfaces of the 
workpiece or where a very small diameter radii is needed on a part. Coated wire, also known as 
stratified wire, is made by coating a wire core with one or more layers of a different material. 
Stratified wire typically has a higher strength wire core with an outer layer that has a lower 
vaporization point [32]. 
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Table 2.12. Wire Types and Descriptions [25] 
  
 
 
Wire Disposal 
 Used wire is gathered on a spool on the backside of the WEDM or it is put in container 
that chops up the wire for disposal. Some machines have a wire chopping feature on them. Most 
manufacturers outsource their recycling. In small job shops, wire is gathered and thrown away; 
most of the time into landfills. Some wire manufacturers also provide services that exchange 
spent wire for new wire spools [25]. 
 
Section 2.8 Material Selection and Machinability for Die Making 
 The questions that need to be answered for the creation of a die were briefly mentioned in 
Chapter 1. One major question was the material selection. Material selection is important to die 
creation because no single material is good for all forming applications. Machinability is 
important and is directly related to the properties of the material chosen. Too hard of a workpiece 
material may prove to cause too much tool wear over a period of time on an endmill. Hence, it 
would be better to use an alternate form of machining like WEDM, where the hardness is not an 
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issue. Costs and availability are also important when choosing the correct material. Table 2.13 
lists some material choices, their uses, advantages and disadvantages. 
 
Table 2.13. Materials Used for Tools, Dies and Molds [6] 
 
  
 Material selection is important to sustainability because the chosen material will affect 
the manufacturing process and life of a part. Material selection affects the selection of the tooling, 
cutting fluids and power usage of the machine required to build the part.  
Type Use Advantages Disadvantages
Carbon Steels some die parts, auxilary die components strength, weldability, low cost poor hot hardness
die shoes, pads, keepers
punches, dies, molds to form draw, blank 
and trim steel and aluminum alloys, 
plastics
machinability in hardened 
state, very high cost
Zinc based Alloys
high life, easy to melt, cast machine, 
grind, plish, weld, remelt
high temps can dealloy and 
grain growth
Excellent wear resistance
predictable shrinkage during heat 
treating
high cost
strength, toughness, resistance to 
wear
speciality dies, any die and mold, used 
even in nontooling areas
dies and molds, stamping, drawing, 
notching, blanking, laminations
Stainless Steel
Maraging Steel
Tool Steels
Steel Bonded 
Carbides
Aluminum Bronzes
proper ventilation for 
reduce berylium in the air
Beryllium Copper molds for plastics
Similar to aluminum bronze's 
properties
dies, molds
drilling and tapping very 
difficult
strength, abrasion resistance, longer 
life
Cast Iron/Steel
Steel Castings
High Carbon Steel
Cast Alloy Steel
High Alloy Steel
controlling composition to tailored to 
specific required properties, 
hardenability, good war resistance, 
minimum friction, withstand high 
compression loads at high temps
high intial cost, heat 
treatment before and after 
machining
deep drawing dies, bending dies for 
press brakes, wing dies for tube benders
low galling and scratching, resist 
adhesion of welding spatter
good machiniability, wear resistance, 
toughness, high strength, excellent 
flame hardening, weldability
high intial cost, heat 
treatment before and after 
machining
cost, machinability in 
hardened state
aluminum die casting, core pins, plastic 
molds, extrusion dies, punches, 
blanking, cold forming dies
less available, high cost, 
machinability in hardened 
state
blanking, trimming, forming, drawing 
dies
punches, die inserts, low production 
volumes
low in cost, availability, 
machinability, can have good wear 
bases for welded composite tool steel, 
punches, stretch dies
structural strength, 
weldability
higher strength and toughness than 
cast iron
wear is not great, cannot be 
used for forming
bad where galling, seizing, 
or used for delicate die 
structure
punches, inserts low cost
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Chapter 3 : Experimental Analysis 
Section 3.1 Introduction and Objectives  
 The goal of these experiments is to analyze how much power each machine, WEDM and 
mill, draws with the changing machining parameters (independent variables such as feed, speed, 
pulse, etc). The factors (dependent variables) such as surface finish, tool wear, and metal removal 
rates will be analyzed as well to see how changing machining parameters (independent variables) 
alter the dependent variables. The dependent variables are important because they decide if the 
machine can effectively, efficiently, and sustainably machine a given material.  
 Equipment was collected to help measure the dependent variables and preliminary test 
experiments were done to find the extremes on each machine. The supply voltage for both 
machines was measured and determined to be 208 3-phase. A power monitor was connected to 
the machines' power supply at the wall and measured the instantaneous current draw. The power 
consumption can then be calculated to determine how much power the machine is using during 
the cutting processes. Metal removal rates (MRR) were estimated on both machines. On the mill, 
a camera was used to track the tool from the start of the cut to its finish. The WEDM has the 
MRR displayed on its monitor. MRR is important because the changing parameters that affect the 
current draw also affect the MRR. The faster the MRR, the faster the part can be machined. 
Surface roughness is another important factor that was looked at as well. It is the arithmetic 
average between the peaks and valleys seen on the surface of an object and is usually measured in 
microinches or micrometers. Surface roughness determines how the surface finish of the part 
feels and looks like. In the die industry, surface finish is important for mold making and for 
certain types of dies. 'Ra' will be used to denote the surface roughness in the experiments. Ra was 
measured using a stylus profilometer on each sample to see how the altered parameters affected 
the surface quality of the workpiece. The specific energy was calculated from both machining 
processes to see how much energy was put into the system per unit amount of mass that was 
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machined from the workpiece. This is one way that the machines can be directly compared. The 
following sections of this chapter will discuss processes in which the experiments were designed, 
setup and conducted.  
 
Section 3.2 Experiment Setup and Equipment 
3.2.1 Experiment Setup for Mill and WEDM 
 The two machines used for the experiment were the 1997 Charmilles Robofil 2020SI 
wire electro-discharge machine and the 1995 Bridgeport Milling machine with Millpwr Acurite 
Control. Some of the technical specifications of the machines, that are relevant for the setup, are 
shown in Tables 3.1 and 3.2.  
 To initialize a cutting path, the wire EDM has a control system that requires floppy style 
diskettes to insert ISO programs into its control system. The program can also be modified with 
'G' codes on the machine to change the travel of the wire. 
 
Table 3.1. WEDM Specifications 
 
 
The Acurite Control for the Bridgeport mill allows the user to program the tool paths into the mill 
allowing for consistent feeds and establishing datums for establishing consistent geometry.  
  
Type:
Electricity:
Dielectric:
Dielectric Temperaure:
Flushing System:
Max Work Dimensions allowed: 35.4 x 20.4 x 10.6 inch (900 x 520 x 270 mm)
Max Work piece weight:
Wire Diameter:
Max Motion (x, y , z):
Charmiles Robofil 2020SI Wire Electro-discharge Machine
380 Volt 60 Hz, 3-phase with 208 Volt Step up Transformer
Deonized Water
60
o
F (15.56
o
C)
5 Axis, Fully Submerged Machining, Auto Wire Feed
Injection: Press: 0 - 36.26 psi, flow: 0 - 1.32 
gallons
/min
(Injection: Press: 0 - 2.5 bar, flow: 0 - 5 
litres
/min)
1102 lbs (500 daN)
12.5 x 8.66 x 10.6 in (318 x 220 x 270 mm)
0.004 - .01 inches (0.1 - 0.3 mm)
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Table 3.2. Mill Machine Specifications 
 
The material safety data sheet (MSDS) for the ValCOOL VP TECH 005B cutting fluid is located 
in Appendix VI. 
 The basic setup for measuring the current is similar for both the Robofil 2020SI wire 
EDM and the Bridgeport Milling machine. A Dupont power monitor was attached to the 208 V 3-
phase wiring at the wall location and measured the instantaneous current draw. A digital video 
camera recorded the instantaneous current draw on the power monitor. Figure 3.1 represents a 
basic layout of the experiment for both machines.   
 
 
Figure 3.1. Basic Sketch of Experiment Setup 
 
 
Knowing the amount of voltage at the wall location and the current draw from the 
motor/generator, power usage can be calculated using the instantaneous current draw during the 
machining process.  
 
Bridgeport Manual Mill with Millpwr Acurite Control
Cutting Fluid:
Table Dimensions:
Max RPM:
12 x 48 inches
3600 RPM
Type:
Electricity:
3 axis
208 Volt at 3-phase 60 Hz
ValCOOL VP TECH 005B
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Milling Setup  
 There were slight differences in the setups between the milling machine and wire EDM. 
There were even slight differences between the experiments using dry machining versus the wet 
machining process. The dry machining process setup is shown in Figure 3.2. 
 
 
 
Figure 3.2. Dry Milling Machining Process Setup 
 
 
The GoPro Hero digital camera was able to capture the current draw and the milling process at 
the same time. The frame rate was set at 30 frames per second. This was similar to how the wet 
milling process was done. The slight differences were the position and location of the camera and 
power monitor. The location was changed because the use of cutting fluid and the location of the 
cutting fluid reservoir as well as keeping the equipment away from the fluids. The cutting fluid 
was not delivered in such a way that the workpiece was flooded. A misting technique utilizing the 
shop's air compressor and a reservoir filled with cutting fluid was used to cool the tool. This type 
of technique was described back in Section 2.5.2 of the dryish machining section and is shown in 
Figure 3.3. 
Power Monitor 
TiCN 4 Flute 
Endmill 
GoPro Hero 
Display Monitor  
D2 Tool Steel 
Workpiece 
Tool Head 
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Figure 3.3. Cutting Fluid Reservoir 
  
 The cutting fluid sits inside a small portable reservoir. The air line is connected to one 
side of the reservoir while another line is put into the cutting fluid within the reservoir. Fluid 
travels up the line due to pressure and mixes with air. Adjusting the valve controls how much 
fluid and how much compressed air exit. The fluid and air pressure cannot be separately adjusted 
with this system. How "fine" the mist is can be adjusted on the nozzle. 
 Several reasons determined the use of the misting technique. The experiment done was an 
open-face type experiment which does not need a flood style technique to evacuate the chips. The 
tooling that was chosen allowed for more extreme heat conditions. The Bridgeport was not 
capable of flooding the workpiece due to its location and setup. Misting the cutting fluid also 
negated the amount of fluid that would be needed for flooding the workpiece. Additionally, the 
cutting fluid mist was directed on the tool and workpiece interface which still allowed lubricity 
and reduced the amount of clean up due to evaporation. The physical setup of the wet machining 
experiment is shown in Figure 3.4. 
  
Air/Fluid  
Control 
Valve 
Compressor 
Air in 
Aluminum 
Tank  
ValCOOL 
Fluid  
Air/Fluid 
mixture out  
Mist Adjustment 
on nozzle  
Fluid Pickup  
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Figure 3.4. Wet Milling Machine Process Setup 
 
 The parameters on the mill can be changed in specific locations. The RPM of the tool can 
be changed on the tool head by a rotational speed handle. The feed rate is changed on the display 
monitor through the program. The depth of the cut is controlled by a handle that is able to raise 
and lower the quill. 
 
W EDM Setup 
 Since the WEDM is capable of displaying the MRR by itself, the MRR was recorded and 
the time of the cut was calculated using that information. Thus, only one camera was needed for 
GoPro Hero 
Power Monitor 
Cutting Fluid 
Nozzle 
Cutting Fluid 
Reservoir 
Air Compressor 
Hose 
Quill 
RPM Change Wheel 
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the setup which is shown in Figure 3.5. All of the parameters for the WEDM are altered on the 
key board located below the readout display. The tank location is where the cutting action occurs. 
Within the tank, the workpiece is fixtured as shown. The wire is fed between two separate heads. 
 
 
Figure 3.5. Wire EDM Setup at Control Box Side 
 
3.2.2 Clamp on Power Monitor 
 A device that measures current and voltage is referred to as a multimeter. Devices that 
can measure and log power usage, current or voltage are known as a power monitors. The clamp 
on power monitor used in this experiment is the clamp on Dupont 3-phase Power Monitor. This 
type of monitor works by using several clamps that loop around three insulated wires. The clamps 
create a magnetic field around the wire which, in turn, results in a force that is produced by the 
current flow in the wire. The clamps can measure this force without having to touch the wires. 
This effect is also known as the Hall Effect and allows for measuring current or voltage safely. 
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Figure 3.6. Dupont 3 phase Clamp on Ammeter 
 
 A mulitmeter or ammeter device like this was used in other research experiments to 
measure the current draw or power usage over a given time. These other machines were able to 
log the power usage over a given time. This data was then used to categorize the energy 
consumption of individual components of the machine. This type of clamping method of 
measuring the current, voltage, and power is more common because there is no danger of 
touching exposed wires [22, 48]. Specific procedures were required by Environmental Health and 
Safety at the University of Nebraska-Lincoln to open or attach electrical equipment to circuit 
boxes. A certified electrician with the proper tools is only allowed to connect the monitor to the 
machines. David Birdzell, an employee of the Engineering Machine Shop, was capable of 
attaching the power monitor to the machines. The power monitor that was used in this thesis was 
not capable of logging the instantaneous power usage, but it can log the peak current and voltage 
impulses during the period it is turned on.   
 
3.2.3 Profilometer 
 The surface finish of an object can be described by the lay, waviness and roughness. An 
illustration is shown in Figure 3.7. Lay is the direction of the surface pattern. Waviness can be 
described as the surface having an uneven "wave-like-surface." Roughness appears on every 
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surface and is the actual surface seen when viewed close up. It is measured by the arithmetic 
average of the amplitude values on the surface of an object [49]. Surface roughness should not be 
confused with the overall general form of surface finish. Surface roughness is the only one 
measured in the experiment. 
 A profilometer is a device used to measure discrepancies on an object's surface. There are 
different types of profilometers but for this experiment a skid type profilometer was used. A skid 
type profilometer uses a tip (stylus) that rides along the surface of the workpiece to mechanically 
determine the differences on the surface [49]. This type of profilometer can be used to measure 
the surface roughness, skewness, average peak to valley height, total height of the profile, max 
profile peak height and max peak to valley height. The profilometer's stylus needs to be as 
parallel to the part as it can while keeping the stylus's reading tip on the surface that needs to be 
measured. The Taylor Hobson Surtronic 3+ stylus profilometer was the profilometer used in this 
experiment, shown in Figure 3.8. It was used to only measure the surface roughness of the 
samples. The stylus was set to have a cut-off length (Lc) of 0.03 inches and an evaluation length 
(Ln) of 0.05 inches. The Ln and Lc control how far the stylus is dragged along the surface. 
Smaller Lc and Ln values made the profilometer throw errors because the measured length was 
too small.  
 
Figure 3.7. Illustration of Surface Finish  
A- Side Profile, B-Waviness, C-Roughness, D-Horizontal Lay 
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Figure 3.8. Taylor Hobson Surtronic 3+  Stylus Profilometer 
 
Section 3.3 Experiment Design 
3.3.1 Milling 
Designing, Modeling and Randomizing the Experiment 
 The goal of the experiment design was to make sure that the machine parameters would 
show significant current draws, but not over wear or break the tool. Several factors were 
considered in deciding the material dimensions for the milling experiment. Tooling, material 
type, capabilities of the equipment, and run time were the major limitations on the experiment.  
 D2 tool steel was chosen because it is a type of tool steel that can be machined on a 
standard milling machine and it is a common material used in the types of dies that were 
discussed earlier in the paper. The material dimensions and amount needed plus the tooling sizes 
were chosen based on the limitations in the Bridgeport's axis travel and how much material could 
fit on it. The display lag-time of the power monitor was a deciding factor on choosing the width 
of the bar stock. The D2 material properties are located in Appendix VII. 
 Each rough and finish cut were done on one piece of D2 barstock. This was to keep any 
geometric and tolerance errors down between the finish and rough cut passes. Thus, the endmill 
sizes chosen were based on material lengths available from the material distributor and the table 
travel of the Bridgeport. Three-eighths inch diameter endmills were decided on for the roughing 
operations and smaller five-sixteenths inch diameter endmills were chosen for the finishing 
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passes. Smaller diameter endmills allow for better machining clearances in the slot during 
finishing. In return, this allows for looser tolerances in the design. A carbide endmill was chosen 
over a high speed tool based on the material type, D2 tool steel. The D2 is harder than regular 
steel and carbide endmills are better at holding a sharper edge. The TiCN coating helps maximize 
wear resistance and to help maintain the sharp edge during high encountered cutting temperatures 
[21, 47]. This particular TiCN coating is able to handle friction cutting temperatures to 750
o
F, 
based on the manufacturer specifications. TiCN coatings can also be used with or without cutting 
fluids as long as the tool is not thermally shocked.  
 Initial estimated feeds, speeds and depths of cut were chosen based on the Machinist 
Handbook, Mechanical Engineering Handbook, and the experience of some of the machinists in 
University of Nebraska-Lincoln's Engineering machine shop. Utilizing the estimated milling 
parameters, an approximate cutting time was calculated. Based on physical testing, the power 
monitor takes approximately 4 to 6.5 seconds to read the instantaneous current draw. If the 
calculated cutting time exceeded the display lag-time of 6.5 seconds on the power monitor, the 
parameters were slightly adjusted to make the cutting times match or exceed 6.5 seconds. This 
was to prevent the power monitor from missing any of the current changes during the cut. Once 
the cutting times were set, the amount of material needed for the experiment was calculated.  
 Within the table, it is shown that there are approximately eight endmills used in the 
milling experiment. That is because there are two milling experiments, a dry experiment and a 
wet experiment. The dry experiment uses two pieces of barstock, two rough endmills and two 
finish endmills. This is so a second replicate can be done. The same was done with the wet 
experiment. It also used two replicates. The difference between the wet and dry experiment is that 
the wet experiment uses a ValCOOL coolant to cool and lubricate the tool during the machining 
process. Table 3.3 lists the tool that relates to its specific part of the dry or wet experiment. The 
'A' designates that the tool was part of replicate 1 and the 'B' indicates that the tool was used in 
replicate 2. 
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 As discussed and shown in the machine setup portion of this paper (Figure 3.4), a tank 
reservoir contains the coolant and an air hose attaches to the reservoir. From the reservoir, 
another hose attached to a nozzle is aimed at the endmill to cool the tool while machining. Instead 
of flooding the workpiece and tool, only a constant mist from the nozzle was used. 
 
Table 3.3. Tool Designations and Use 
  
With the parameters set and the tooling decided on, the design of experiments (DOE) for the 
roughing and finishing were developed. The DOE establishes the independent variables, 
dependent variables, control variables and the levels/values for the independent variables. These 
are shown in Tables 3.4 and 3.5. 
  
Tool No. Dia (inch)
Cut Length 
(inch)
Flutes
Overall Length 
(inch)
Helix Angle 
(deg)
Coating Use Replicate
Tool 3A 3/8 (0.375) 9/16 (0.5625) 4 2.5 30 TiCN Dry Roughing 1
Tool 3B 3/8 (0.375) 9/16 (0.5625) 4 2.5 30 TiCN Dry Roughing 2
Tool 5A 3/8 (0.375) 9/16 (0.5625) 4 2.5 30 TiCN Wet Roughing 1
Tool 5B 3/8 (0.375) 9/16 (0.5625) 4 2.5 30 TiCN Wet Roughing 2
Tool 6A 5/16 (0.3125) 1/2 (0.50) 4 2.5 30 TiCN Dry Finishing 1
Tool 6B 5/16 (0.3125) 1/2 (0.50) 4 2.5 30 TiCN Dry Finishing 2
Tool 7A 5/16 (0.3125) 1/2 (0.50) 4 2.5 30 TiCN Wet Finishing 1
Tool 7B 5/16 (0.3125) 1/2 (0.50) 4 2.5 30 TiCN Wet Finishing 2
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Table 3.4. Mill Design of Experiments for Roughing 
 
 
Table 3.5. Mill Design of Experiments for Finishing 
 
 
Each replicate has a set of randomized parameters so that any differences that occur with tool 
wear or current draw will be shown in the experiment. This randomization process is shown in 
Tables 3.6 - 3.9. It should be noted that replicate 1 for the dry experiment matches replicate 1 for 
the wet as well as the dry replicate 2 matching the wet replicate 2. The program SolidWorks was 
used to develop a 3D model of the randomized experiments, replicate 1 and replicate 2.The 
depths of the slots were made on the model to make sure the dimensions would work in 
conjunction with Bridgeport Mill. The models are shown in Figures 3.9 and 3.10. 
Drawing files for the mill experiments are located in Appendix I.A. and Appendix I.B. 
 
Variables Dependent Variables Independent Variables Levels Control Variables Value of Control Variable
Metal Removal Rate 
(in
3
/min or in
2
/min)
N (RPM) 800, 1000, 1300 Material Used D2 Tool Steel
Surface Roughness (in) Depth of Cut (in) 0.08, 0.13, 0.20 Sample Cuts
3.0" x 0.375 " x  varied 
depths 
Current Draw (Amps) tooth feed (in/tooth) 0.00095, 0.0014, 0.00202 Tool Dimensions
4 flute, Cut Length = 9/16", 
Dia = 3/8"
Specific Energy (Btu/lbm) Dry/Coolant Use on/off Tool Type TiCN
Tool Wear Cutting Fluid ValCOOL VP TECH 005B
Profilometer Taylor Hobson - Surtronic 3+
Base Input Voltage 208 V 3-phase
Factors
Milling Roughing
Variables Dependent Variables Independent Variables Levels Control Variables Value of Control Variable
Metal Removal Rate 
(in
3
/min or in
2
/min)
N (RPM) 1100, 1700 Material Used D2 Tool Steel
Surface Roughness (in) Radial Depth Cut (in) 0.001, 0.015 Sample Cuts 3.0" x varied radially x 0.195"
Current Draw (amps) tooth feed (in/tooth) 0.000735, 0.00147 Tool Dimensions
4 flute, Cut Length = 1/2", 
Dia = 5/16"
Specific Energy (Btu/lbm) Dry/Coolant Use on/off Tool Type TiCN
Tool Wear Cutting Fluid ValCOOL VP TECH 005B
Profilometer Taylor Hobson - Surtronic 3+
Base Input Voltage 208 V 3-phase
Milling Finishing
Factors
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Figure 3.9. SolidWorks Model of Milling Workpiece (Replicate 1) 
Dry and Wet Experiment 
 
To fully explain the process, tool 3A performed 27 rough cuts on one piece of barstock. Then tool 
6A was used to machine 8 finishing cuts on that barstock. This would be the replicate 1 for the 
dry experiment. Next, tool 3B was used to machine 27 rough cuts on another piece of barstock 
and tool 6B was used for 8 finishing cuts. This was labeled replicate 2 for that piece of barstock. 
Next, tool 5A was use on a piece of barstock while using cutting fluid. Then, tool 7A was used to 
machine the finishing cuts. That would be replicate 1 for the wet machining. The same process 
was done with tool 5B and tool 7B. This was called the replicate 2 for the wet cuts. The milling 
experiment resulted in 4 pieces of barstock samples. As explained before, the replicate 1 for the 
dry and wet are the same and the replicate 2 for the dry and wet are the same. Thus, the 
SolidWorks models for the dry samples, Figures 3.9 and 3.10, are identical to the wet cutting 
experiment models. The models for the cutting fluid experiment did not change because the major 
comparison is between the surface finish quality of the workpiece and tool wear characteristics in 
the dry cutting. As previously discussed in the Chapter 2, cutting fluids do pose potential health 
hazardous and wastes, but they can provide a better lubricity between the cutting tool and the 
workpiece.  
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 Figure 3.10. SolidWorks Model of Milling Workpiece (Replicate 2) 
Dry and Wet Experiment 
  
 All of the axial depths for the finishing cuts were kept at approximately 0.2 inches. This 
was decided on because smaller depths of cut did not show any major changes in the current 
draw. Previous practice experiments were done to help determine this before the actual 
experiment. Also, it was determined that the major current draw would occur from slotting at 
high values of cut depths during slotting conditions. 
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Table 3.6. Dry Mill Randomized Parameters for Rep 1 (Left) and Rep 2 (Right) for Roughing 
  
 
 
Table 3.7. Dry Mill Randomized Parameters for Rep 1 (Left) and Rep 2 (Right) for Finishing 
 
 
 
 
  
Sample 
No.
Depth (in)
Feed Rate 
(in/tooth)
N (RPM)
1 0.13 0.00095 1000
2 0.13 0.00095 800
3 0.13 0.00202 800
4 0.08 0.0014 800
5 0.13 0.0014 800
6 0.08 0.0014 1000
7 0.08 0.00202 800
8 0.08 0.00202 1000
9 0.2 0.00202 800
10 0.08 0.00095 1000
11 0.13 0.0014 1300
12 0.2 0.00095 1000
13 0.13 0.00202 1300
14 0.2 0.00095 800
15 0.2 0.0014 1000
16 0.08 0.00095 800
17 0.2 0.00095 1300
18 0.08 0.00202 1300
19 0.08 0.00095 1300
20 0.13 0.00095 1300
21 0.13 0.00202 1000
22 0.08 0.0014 1300
23 0.2 0.00202 1300
24 0.2 0.0014 1300
25 0.13 0.0014 1000
26 0.2 0.0014 800
27 0.2 0.00202 1000
Factors
Sample 
No.
Depth (in)
Feed Rate 
(in/tooth)
N (RPM)
28 0.13 0.00202 1000
29 0.13 0.00095 1300
30 0.13 0.00202 800
31 0.13 0.00095 1000
32 0.2 0.00202 1300
33 0.08 0.0014 1000
34 0.08 0.00202 800
35 0.08 0.00095 800
36 0.2 0.00095 1300
37 0.08 0.00095 1000
38 0.08 0.00202 1000
39 0.13 0.00095 800
40 0.13 0.00202 1300
41 0.08 0.0014 800
42 0.2 0.0014 1000
43 0.2 0.00095 800
44 0.13 0.0014 1000
45 0.2 0.0014 1300
46 0.08 0.00095 1300
47 0.2 0.00202 800
48 0.2 0.00095 1000
49 0.08 0.0014 1300
50 0.08 0.00202 1300
51 0.2 0.00202 1000
52 0.13 0.0014 800
53 0.2 0.0014 800
54 0.13 0.0014 1300
Factors
Sample 
No.
Radial 
Depth (in)
Feed Rate 
(in/tooth)
N (RPM)
1 0.001 0.00147 1100
2 0.001 0.00147 1700
3 0.001 0.000735 1700
4 0.015 0.000735 1700
5 0.015 0.000735 1100
6 0.015 0.00147 1100
7 0.001 0.000735 1100
8 0.015 0.00147 1700
Factors @ 0.2" Depth
Sample 
No.
Radial Depth 
(in)
Feed Rate 
(in/tooth)
N (RPM)
9 0.015 0.000735 1100
10 0.015 0.000735 1700
11 0.015 0.00147 1700
12 0.001 0.00147 1700
13 0.001 0.000735 1100
14 0.001 0.00147 1100
15 0.001 0.000735 1700
16 0.015 0.00147 1100
Factors @ 0.2" Depth
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Table 3.8. Wet Mill Randomized Parameters for Rep 1 (Left) and Rep 2 (Right) for Roughing 
  
 
 
Table 3.9. Wet Randomized Mill Parameters for Rep 1 (Left) and Rep 2 (Right) for Finishing 
 
  
Sample 
No.
Depth (in)
Feed Rate 
(in/tooth)
N (RPM)
1a 0.13 0.00095 1000
2a 0.13 0.00095 800
3a 0.13 0.00202 800
4a 0.08 0.0014 800
5a 0.13 0.0014 800
6a 0.08 0.0014 1000
7a 0.08 0.00202 800
8a 0.08 0.00202 1000
9a 0.2 0.00202 800
10a 0.08 0.00095 1000
11a 0.13 0.0014 1300
12a 0.2 0.00095 1000
13a 0.13 0.00202 1300
14a 0.2 0.00095 800
15a 0.2 0.0014 1000
16a 0.08 0.00095 800
17a 0.2 0.00095 1300
18a 0.08 0.00202 1300
19a 0.08 0.00095 1300
20a 0.13 0.00095 1300
21a 0.13 0.00202 1000
22a 0.08 0.0014 1300
23a 0.2 0.00202 1300
24a 0.2 0.0014 1300
25a 0.13 0.0014 1000
26a 0.2 0.0014 800
27a 0.2 0.00202 1000
Factors
Sample 
No.
Depth (in)
Feed Rate 
(in/tooth)
N (RPM)
28a 0.13 0.00202 1000
29a 0.13 0.00095 1300
30a 0.13 0.00202 800
31a 0.13 0.00095 1000
32a 0.2 0.00202 1300
33a 0.08 0.0014 1000
34a 0.08 0.00202 800
35a 0.08 0.00095 800
36a 0.2 0.00095 1300
37a 0.08 0.00095 1000
38a 0.08 0.00202 1000
39a 0.13 0.00095 800
40a 0.13 0.00202 1300
41a 0.08 0.0014 800
42a 0.2 0.0014 1000
43a 0.2 0.00095 800
44a 0.13 0.0014 1000
45a 0.2 0.0014 1300
46a 0.08 0.00095 1300
47a 0.2 0.00202 800
48a 0.2 0.00095 1000
49a 0.08 0.0014 1300
50a 0.08 0.00202 1300
51a 0.2 0.00202 1000
52a 0.13 0.0014 800
53a 0.2 0.0014 800
54a 0.13 0.0014 1300
Factors
Sample 
No.
Radial 
Depth (in)
Feed Rate 
(in/tooth)
N (RPM)
1a 0.001 0.00147 1100
2a 0.001 0.00147 1700
3a 0.001 0.000735 1700
4a 0.015 0.000735 1700
5a 0.015 0.000735 1100
6a 0.015 0.00147 1100
7a 0.001 0.000735 1100
8a 0.015 0.00147 1700
Factors @ 0.2" Depth
Sample 
No.
Radial Depth 
(in)
Feed Rate 
(in/tooth)
N (RPM)
9a 0.015 0.000735 1100
10a 0.015 0.000735 1700
11a 0.015 0.00147 1700
12a 0.001 0.00147 1700
13a 0.001 0.000735 1100
14a 0.001 0.00147 1100
15a 0.001 0.000735 1700
16a 0.015 0.00147 1100
Factors @ 0.2" Depth
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3.3.2 WEDM 
Designing, Modeling and Randomizing the Experiment 
 
 The goal of the experimental design for the wire EDM was to see how changing some of 
generator's parameters  affected the current draw, metal removal rates and surface roughness. The 
difficulty with changing the generator parameters is that changing one parameter may end up 
changing another parameter through the machine's own control. And if the machine accepts both 
of the parameters without altering any others, the wire may or may not break during the 
machining process.  
 The first step in developing the experiment was to see what generator parameters may 
affect the current draw and then see how changing those parameters affected the dependent 
variables (MRR, Ra, current). The Charmilles user manual layed out some initial parameters for 
machining different thicknesses of steel using different types of wire. The wire chosen was a 
Brass stratified wire at 0.01 inches (0.25 mm). The user manual has this type of wire listed and 
matched to cutting multiple types of materials. Stratified wire is also supposed to have faster 
cutting speeds than non-stratified wire. Also, 0.01 inch contains more wire on a spool and smaller  
kerfs can be obtained, thus less disappated material is in the tank which makes the sparking easier 
to see due to less water contamination. Although a smaller wire is more prone to wire breakage, 
the types of geometry the wire needed to cut did not pose any potential issues. The high pressure 
flushing conditions and wire breakage were not an issue due to how the experiment was designed.  
 After testing some parameters on D2 tool steel, analyzing the cutting times, and checking 
current draws with the power monitor, some maximum and minimum independent variables for 
the parameters were established. The DOE for the WEDM rough and finish passes were 
developed. The DOEs are shown in Tables 3.10 - 3.11.  
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Table 3.10. WEDM Design of Experiments for Roughing 
 
 
 
  
Variables Dependent Variables Independent Variables Symbol Levels
Metal Removal Rate (in2/min) Pulse width (s) A 0.5, 0.9, 1.3
Surface Roughness (in) Striking Pulse Current (amps) IAL 8, 16, 25
Current Draw (amps) Avg Machining Servo Voltage Aj 20, 40, 60
Specific Energy (Btu/lbm)
WEDM Roughing
Factors
Control Variables Symbol Value of Control Variable
Dielectric Deionized H2O
Wire Type Brass Stratified, 0.25 mm or 0.01"
Material Used D2 Tool Steel
Cut Dimensions 0.375" x 0.1" (slot) x 0.5"
Profilometer Type Taylor Hobson - Surtronic 3+
Base Input Voltage 208 V 3-phase
Number of wire used EL 15
Machining Mode M 1-Isopulse Roughing
Work piece type PA 6
Short Pulse time Tac 0.5
Precision Strategy ST 1
Cutting Type (Rough Max Cutting) E 1
Time between 2 pulses (s) B 8.4
No load machining Voltage (volts) V -80
Max rate of linear feed (machine units) S 10
Flushing Pressure (bar) INJ 9
Wire Tension (daN) WB 1
Wire Speed (machine units) WS 13
Offset (inch) (Denoted in drawing) 0.00618
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Table 3.11. WEDM Design of Experiments for Finishing 
 
 
 
  
  
Variables Dependent Variables Independent Variables Symbol Levels
Metal Removal Rate (in2/min) Pulse width (s) A 0.4, .8
Surface Roughness (in) Striking Pulse Current (amps) IAL 16, 32
Current Draw (amps) Avg Machining Servo Voltage Aj 0, 10
Specific Energy (Btu/lbm)
WEDM Finishing
Factors
Control Variables Symbol Value of Control Variable
Dielectric Deionized H2O
Wire Type Brass Stratified, 0.25 mm or 0.01"
Material Used D2 Tool Steel
Cut Dimensions 0.375" x 0.1" (slot) x 0.5"
Profilometer Type Taylor Hobson - Surtronic 3+
Base Input Voltage 208 V 3-phase
Number of wire used EL 15
Machining Mode M 7-isofrequency finishing
Work piece type PA 6
Short Pulse time Tac 0.4
Precision Strategy ST 5
Cutting Type (finishing) E 10
Time between 2 pulses (s) B 3.6
No load machining Voltage (volts) V -80
Max rate of linear feed (machine units) S 3.222
Flushing Pressure (bar) INJ 1
Wire Tension (daN) WB 1.6
Wire Speed (machine units) WS 8
Offset (inch) (Denoted in drawing) 0.00512
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 SolidWorks was used to create a solid model of the final dimensions for the WEDM 
workpiece, Figure 3.11. The slot was designed to be big enough that the acting kerf would not 
affect the other side of the cut slot. Each side of each slot was cut with a different of set 
independent variables.  After one slot was cut, the blank was refixtured and another slot was 
machined. The sample number was marked to record the parameters used on each side of the slot. 
The marks correlate with the numbers listed in the randomized tables for the WEDM. 
 
 
Figure 3.11. SolidWorks Model of Final WEDM Workpiece 
 
 
The Drawing File for the WEDM workpiece is located in Appendix I.C. 
 A piece of bar stock was cut into several identical test blanks to make the machining 
experiment simpler, refer to Figure 3.12. "Simple" is being used because if the wire breaks on the 
WEDM the program must be ran again. To eliminate this problem, the WEDM was coded to run 
only one slot at a time (wire EDM G-code shown in Appendix III). The WEDM samples were 
randomized within a table and put into three different blocks of nine samples based on their 
striking pulse current (IAL) values. They were given a designated sample number, randomized 
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again and then the experiment was run. The samples were organized based on their sample 
number and put into the tables shown in Tables 3.12 and 3.13.  
 
 
Figure 3.12. WEDM Blanks 
 
Table 3.12. Randomized Parameters for Rep1 (Left) and Rep 2 (Right) in WEDM Roughing 
 
  
Sample 
No.
IAL 
(amps)
A (s)
Aj 
(volts)
1 8 0.5 60
2 8 1.3 40
3 8 0.5 40
4 8 1.3 60
5 8 0.9 40
6 8 0.9 60
7 8 0.5 20
8 8 0.9 20
9 8 1.3 20
10 16 0.9 20
11 16 1.3 20
12 16 0.5 20
13 16 0.9 40
14 16 0.9 60
15 16 1.3 40
16 16 0.5 40
17 16 0.5 60
18 16 1.3 60
19 25 0.5 20
20 25 0.9 60
21 25 1.3 40
22 25 0.5 40
23 25 0.9 40
24 25 0.5 60
25 25 0.9 20
26 25 1.3 60
27 25 1.3 20
Factors
Sample 
No.
IAL 
(amps)
A (s)
Aj 
(volts)
28 8 0.9 20
29 8 0.9 40
30 8 1.3 40
31 8 0.9 60
32 8 0.5 60
33 8 1.3 60
34 8 1.3 20
35 8 0.5 40
36 8 0.5 20
37 16 1.3 60
38 16 0.5 20
39 16 0.5 40
40 16 0.9 60
41 16 0.9 40
42 16 1.3 40
43 16 0.5 60
44 16 0.9 20
45 16 1.3 20
46 25 0.9 60
47 25 1.3 60
48 25 0.5 40
49 25 0.5 60
50 25 1.3 40
51 25 0.5 20
52 25 0.9 40
53 25 1.3 20
54 25 0.9 20
Factors
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Table 3.13. Randomized Parameters for Rep 1 (Left) and Rep 2 (Right) in WEDM Finishing 
 
 
Section 3.4 Measuring and Recording the Data 
3.4.1  Surface Roughness Measurements 
Mill Sample Setup 
 The first difference observed between the dry cuts and wet cuts were burrs that were left 
behind with the dry cuts. These are seen on both the replicate 1 and 2 for the dry cuts, see Figure 
3.13. After noting the burrs, the samples were cleaned of all burrs and scrubbed clean any excess 
material that may be laying in the grooves. 
 
Figure 3.13. Unaltered Mill Samples 
 
Sample 
No.
IAL 
(amps)
A (s)
Aj 
(volts)
1 32 0.4 10
2 32 0.4 0
3 32 0.8 0
4 32 0.8 10
5 16 0.8 0
6 16 0.8 10
7 16 0.4 10
8 16 0.4 0
Factors
Sample 
No.
IAL 
(amps)
A (s)
Aj 
(volts)
9 16 0.8 10
10 16 0.4 10
11 16 0.8 0
12 16 0.4 0
13 32 0.4 0
14 32 0.4 10
15 32 0.8 10
16 32 0.8 0
Factors
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 The mill samples were aligned with the profilometer so that they were perpendicular to 
each other. The side of the groove was measured and recorded, see Figure 3.14. A piece of paper 
was taped down and machine blocks were used to align the profilometer with the mill sample.  
 
Figure 3.14. Mill Sample Fixture and Setup 
 
WEDM Sample Setup 
 The WEDM samples were numbered and cut apart into smaller rectangular blocks. A 
piece of paper was used as a jig and a precision machined bar was used to align the sample and 
the profilometer so that they were parallel with each other, refer to Figure 3.15.  
 
Figure 3.15. WEDM Sample Fixture and Setup 
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3.4.2  Metal Removal Rate Measurements 
Mill Metal Removal Rate Estimate 
 The mill metal removal rate was measured by utilizing the GoPro Hero digital camera 
and Quicktime Media Player. Quicktime Media Player can display the frame number during the 
video. The GoPro was set to film in 30 frames per second. By knowing when the tool enters the 
workpiece and exits the workpiece, the cutting time can be calculated using the frame rate of the 
camera. The depth, length, and width of the slot are known so volume can be calculated. Dividing 
the volume by the cutting time an approximate metal removal rate can be calculated. 
 
WEDM Metal Removal Rate Estimate  
 The WEDM metal removal rate is much easier to measure than the milling experiment. 
The WEDM will display the MRR in in
2
/hr, reference to Figure 3.16.  
 
 
Figure 3.16. MRR Display on Robofil 2020SI WEDM 
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Section 3.5 Material and Tooling Costs 
 All of the material and item costs for the experiment were noted. The material and tooling 
costs are shown in Table 3.14. The ValCOOL cutting fluid, D2 tool steel and endmills have a 
fluctuating cost depending on what supplier they are purchased from as well as their brand. The 
WEDM wire is a harder to find more competitive prices because the main place to purchase the 
wire is through Charmilles or a Charmilles supplier.  
 
Table 3.14. Material and Item Costs for Experiment 
 
 
 
 
  
Item Cost Suppliers
ValCOOL VP Tech 005B (5 gal) $188.30 Fastenal
3/8" TiCN Endmill $10.38 Fuches
5/16" TiCN Endmill $24.36 McMastercar
Brass Stratified Wire (SW25X) for 4 - 8.8 lb. spool $365.74 Charmilles
Brass Stratified Wire (SW25X) for 2 - 17.6 lb. spool $397.74 Charmilles
Brass Stratified Wire (SW25X) for 2 - 35 lb. spool $397.74 Charmilles
Deionization Tank Upkeep per 3 months $290.00 -
D2 Tool Steel (3" x 0.5" x 36") $220.00 McMastercar
D2 Tool Steel (2" x 0.5" x 18") $171.13 McMastercar
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Chapter 4 : Statistical Analysis and Significance 
Section 4.1 Factorial Design and ANOVA Introduction 
 To test the significance of the machining parameters used in the DOEs, a statistical 
analysis was conducted. A Statistical Analysis Package called "R" was used to help identify the 
significant parameters for the analysis using an analysis of variance (ANOVA) table. The rough 
WEDM experiment was designed as a 3 level factorial design while the rough milling experiment 
was broken down into two separate 3 level factorial designs (wet/dry samples). The finish 
samples were designed as a 2 level factorial.  
 A factorial design will be explained using a 3 level design as an example. A 3 level 
design is written as a 3
k
 factorial design. It means that k factors are considered, each at 3 levels. 
These can be referred to as low, intermediate and high levels. This can be expressed as: 
 
Yijk =   + Ai + Bj + Ck + (AB)ij + (AC)ik+ (BC)jk + (ABC)ijk +       {Eq. 4-1} 
 
This is where A, B, C ... are the factors of the experiment. The sub-terms i, j, k... are the levels of 
the factor. For more levels, another factor with a sub-term can be added to this equation. Y is the 
response due to the factors.   is the error. The combination of letters with the i, j and k sub-terms 
are the interaction terms. These describe how two or more factors influence the response variable. 
Looking back at Table 3.6, this is a randomized example of the factors. So, depth, in/tooth, and 
RPM would be the 3 factors. They each have 3 levels. This makes the 3
3
 factorial design. 
 In the following results, the program 'R' was used to statistically test the significance of 
each individual factor (the machine inputs that were altered) and the combined factors of the 
machining experiment on 95% confidence level. Using an analysis of variance (ANOVA) table, 
the significant effects of the chosen parameters on the material removal rate (mrr), surface 
roughness (ra) and current draw (curr) were determined. These are listed as the "Responses." The 
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p-values are the values that test the statistical significance of each of the chosen parameters. If the 
independent variable's p-value is lower than 0.05 in the ANOVA table then it is statistically 
relevant to the response. The parameters were tested individually, then with one other parameter 
and finally, with all three parameters. Microsoft Excel was then used on the rough passes to look 
at regression of the significant data. R
2
 values were fit to the linear trend lines to show how well 
the fit of the trend line is compared to the trend of the data. R
2
 is the coefficient of determination 
and is a statistical term that measures the "goodness of fit" of a predicted regression line through 
a set of data. The higher the R
2
 value the better the fit to the line. The finish passes did not have 
any regression modeling because it is assumed that the roughing passes are more significant 
toward power usage, MRR, and alternations in the surface roughness in terms of sustainability. 
Also, only two levels of data were taken in the finish passes which doesn't allow any conclusions 
to be made for a regression line. 
 
Section 4.2 Analysis of Current with Mill and WEDM parameters  
4.2.1 ANOVA for Current in Rough Dry Mill  
 The ANOVA table indicates that the overall model is significant with a p-value less than 
0.05. Looking at the individual variables, the only variables that contribute toward the 
significance of the current draw are the feed (ipt), RPM (rev per min), and the depth of cut 
(inches), refer to Table 4.1. There is no significance between the interactions of these variables. 
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Table 4.1. ANOVA Table for Current Draw - Rough Dry Milling 
 
 
 
From a completely non loading situation, this makes sense physically because increasing the feed, 
necessitates an increase in table speed which requires more current draw. The same can be said 
about the RPM. Current changed when the RPM was changed on the spindle. The depth of cut is 
different. This is because this is not controlled by electrical means. Changing the depth of the cut 
does not alter the current draw (when it is not loaded). Depth of cut has to be analyzed when there 
is load being applied to the tool. Since there is friction being applied at the tool surface, more 
torque needs to be created by the machine. The depth affects the current because the deeper the 
tool is in the workpiece the more friction occurs at the surface of the tool. This requires more 
torque from the motor. Also, more loads are being applied perpendicular to the tool. This affects 
the constant feed rate needed by the table. Hence, the power needed to move the table increases.  
 The regression models show how each independent variable interacts with the overall 
power, Figure 4.1.  
Response: curr
Df Sum Sq Mean Sq F value Pr(>F)
ipt:depth:rpm 26 6.66 0.25617 4.58 9.45E-05
Residuals 27 1.51 0.05593
Df Sum Sq Mean Sq F value Pr(>F)
ipt 2 1.3793 0.68963 12.3311 0.000157
rpm 2 0.967 0.48352 8.6457 0.001253
depth 2 3.6104 1.80519 32.2781 6.93E-08
ipt:rpm 4 0.0207 0.00519 0.0927 0.983946
ipt:depth 4 0.2241 0.05602 1.0017 0.423868
rpm:depth 4 0.373 0.09324 1.6672 0.186621
ipt:rpm:depth 8 0.0859 0.01074 0.1921 0.989827
Residuals 27 1.51 0.05593
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Figure 4.1. Regression Models of Power Vs RPM, Depth, IPT - Rough Dry Milling 
 
Power is a multiplied scale of current because the voltage is assumed the same for all the current 
draws (Power = Voltage * Current). Thus, the trends should be the same. The R
2
 values are 
shown on the graphs. The regression models also make sense by suggesting for the given data, as 
the RPM, depth or feed increases, the overall power needed will increase as well. 
 
4.2.2 ANOVA for Current in Finish Dry Mill  
 The ANOVA for the finish cuts shows that there is no significance for the overall model. 
It also shows that the variables were not significant for the current draw, see Table 4.2. This 
means that there weren't any significant changes in the current when the responses were altered. 
The conclusion makes sense because the friction exhibited from the tool to the workpiece was 
limited and not large enough to require more current. The reasoning behind this is the low amount 
of material removed because it was a finishing pass.  
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Table 4.2. ANOVA Table for Current Draw - Finish Dry Milling 
 
 
4.2.3 ANOVA for Current in Rough Wet Mill  
 The ANOVA for the rough wet mill shows that everything is significant for the current 
draw, refer to Table 4.3. This is unusual because the cutting fluid did not use a pump nor was it 
tied into the milling machine. One conclusion could be that the machine is running more 
effectively with the cutting fluid, thus the difference between each of the replicates has a smaller 
difference. This will be discussed more in Chapter 5. 
Table 4.3. ANOVA Table for Current Draw - Rough Wet Milling 
 
 
Response: curr
Df Sum Sq Mean Sq F value Pr(>F)
ipt:depth:rpm 7 0.07438 0.01063 6.30E-01 0.722
Residuals 8 0.135 0.01688
Df Sum Sq Mean Sq F value Pr(>F)
ipt 1 0.005625 0.005625 0.3333 0.5796
rpm 1 0.050625 0.050625 3 0.1215
depth 1 0.000625 0.000625 0.037 8.52E-01
ipt:rpm 1 0.005625 0.005625 0.3333 0.5796
ipt:depth 1 0.000625 0.000625 0.037 0.8522
rpm:depth 1 0.005625 0.005625 0.3333 0.5796
ipt:rpm:depth 1 0.005625 0.005625 0.3333 0.5796
Residuals 8 0.135 0.016875
Response: curr
Df Sum Sq Mean Sq F value Pr(>F)
ipt:depth:rpm 26 5.786 0.2225 44.51 3.74E-16
Residuals 27 0.135 0.005
Df Sum Sq Mean Sq F value Pr(>F)
ipt 2 1.0681 0.53407 106.8148 1.497E-13
rpm 2 0.7226 0.3613 72.2593 1.446E-11
depth 2 3.4493 1.72463 344.9259 2.20E-16
ipt:rpm 4 0.0585 0.01463 2.9259 0.0393379
ipt:depth 4 0.2252 0.0563 11.2593 1.665E-05
rpm:depth 4 0.1341 0.03352 6.7037 0.0006986
ipt:rpm:depth 8 0.1281 0.01602 3.2037 0.0108918
Residuals 27 0.135 0.005
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The regression models for the individual dependant variables versus the independent variables are 
shown in Figure 4.2. The trends appear to be similar to the dry milling experiment suggesting that 
as each one of the responses increase, the current draw will increase.  It does appear that having a 
higher RPM, depth of cut or feed rate combined with other higher responses will increase the 
slope of the trend line.  
 
 
Figure 4.2. Regression Models of Power Vs RPM, Depth, IPT - Rough Wet Milling 
 
4.2.4 ANOVA for Current in Finish Wet Mill  
 The finish wet milling ANOVA table shows that there is no significance from any of the 
variables, shown in Table 4.4. It may be due to the minimal amount of loading on the tool that 
occurred. Since there was no need for a large amount of torque, the motor did not have to draw 
more current to obtain more power.  
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Table 4.4. ANOVA Table for Current Draw - Finish Wet Milling 
 
 
4.2.5 ANOVA for Current in Rough WEDM  
 Looking at the ANOVA table for the rough WEDM experiment, Table 4.5, it can be seen 
that there is only significance from the pulse width. This would indicate that if the pulse width 
changes, the power requirement will change. The pulse width is the amount of time on the current 
is flowing through the wire. This is only valid for the analysis done using the roughing settings, 
machining settings (E1) and machining mode (M1). E1 is used for cutting at max speed for 
roughing and M1 is isopulse roughing.  
Table 4.5. ANOVA Table for Current Draw - Rough WEDM 
 
Response: curr
Df Sum Sq Mean Sq F value Pr(>F)
ipt:depth:rpm 7 0.0375 0.005357 1.071 4.57E-01
Residuals 8 0.04 0.005
Df Sum Sq Mean Sq F value Pr(>F)
ipt 1 0.0025 0.0025 0.5 0.49958
rpm 1 0.0225 0.0225 4.5 0.06669
depth 1 0.01 0.01 2 1.95E-01
ipt:rpm 1 0.0025 0.0025 0.5 0.49958
ipt:depth 1 0 0 0 1
rpm:depth 1 0 0 0 1
ipt:rpm:depth 1 0 0 0 1
Residuals 8 0.04 0.005
Response: curr
Df Sum Sq Mean Sq F value Pr(>F)
ial:A:Aj 27 694.1 25.71 1.314 2.45E-01
Residuals 26 508.7 19.57
Df Sum Sq Mean Sq F value Pr(>F)
ial 2 7.05 3.527 0.1803 0.836094
A 3 416.87 138.956 7.1022 0.001222
Aj 2 41.01 20.504 1.048 3.65E-01
ial:A 4 73.43 18.357 0.9382 0.457436
ial:Aj 4 29.33 7.332 0.3747 0.824495
A:Aj 4 23.34 5.834 0.2982 0.876449
ial:A:Aj 8 103.04 12.88 0.6583 0.722395
Residuals 26 508.7 19.565
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 A regression model, Figure 4.3, shows that as the pulse width increases the power will 
increase as well. The trend line was taken through the data average of the power readings. The R
2
 
term is a 0.997, meaning that the trend line is a good linear fit. 
 
 
Figure 4.3. Power Vs Pulse Width Regression Model 
 
 
4.2.6 ANOVA for Current in Finish WEDM  
 Striking pulse current, pulse width and servo voltage are significant for altering the 
current. The pulse width and servo voltage interaction also show significance. This is shown in 
the ANOVA table, Table 4.6. The machine has to be setup differently when wanting to either do a 
finishing or roughing cut. Altering the machining settings such as M7 and E10 could have 
contributed to the IAL and the Aj becoming significant for the finishing cuts. M7 is isofrequency 
finishing and is meant for finishing passes on the material. E10 is a surface finishing setting. 
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Table 4.6. ANOVA Table for Current Draw - Finish WEDM 
 
 
Section 4.3 Analysis of MRR with Mill and WEDM parameters 
4.3.1 ANOVA for MRR in Rough Dry Mill  
 The ANOVA table indicates that all of the variables and their two way interactions 
contribute toward the significance of the MRR, refer to Table 4.7. The three way interaction 
between all of the variables has no effect on the MRR according to the ANOVA table. 
Table 4.7. ANOVA Table for Metal Removal Rate - Rough Dry Milling 
 
 
  
Response: curr
Df Sum Sq Mean Sq F value Pr(>F)
ial:A:Aj 7 358.3 51.18 1092 2.80E-11
Residuals 8 0.4 0.05
Df Sum Sq Mean Sq F value Pr(>F)
ial 1 10.726 10.726 228.8133 3.61E-07
A 1 107.641 107.641 2296.333 3.98E-11
Aj 1 119.356 119.356 2546.253 2.64E-11
ial:A 1 0.031 0.031 0.6533 0.4423
ial:Aj 1 0.016 0.016 0.3333 0.5796
A:Aj 1 120.451 120.451 2569.613 2.54E-11
ial:A:Aj 1 0.076 0.076 1.6133 0.2397
Residuals 8 0.375 0.047
Response: mrr
Df Sum Sq Mean Sq F value Pr(>F)
ipt:depth:rpm 26 1.2052 0.04635 115.4 <2e-16
Residuals 27 0.0108 0.0004
Df Sum Sq Mean Sq F value Pr(>F)
ipt 2 0.37702 0.188508 469.2036 2.2E-16
rpm 2 0.19212 0.096062 239.102 2.2E-16
depth 2 0.5477 0.273849 681.6203 2.20E-16
ipt:rpm 4 0.01943 0.004857 12.0884 9.28E-06
ipt:depth 4 0.03899 0.009747 24.2595 1.33E-08
rpm:depth 4 0.02493 0.006233 15.5137 1.05E-06
ipt:rpm:depth 8 0.00503 0.000629 1.5655 0.1819
Residuals 27 0.01085 0.000402
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The best way this can be explained is by looking back at the formation of Eq. 2-1, which is the 
MRR equation. The trend for all the independent variables (response variables) show that as the 
RPM, depth and ipt increase the MRR will increase. This is represented in Figure 4.4. When 
higher or lower responses are combined, the slope of the trend line is increased or decreased. 
 
 
Figure 4.4. Regression Models of MRR Vs RPM, Depth, IPT - Rough Dry Milling 
 
 
4.3.2 ANOVA for MRR in Finish Dry Mill  
 The ANOVA for the finish MRR can be described similarly to the rough MRR ANOVA. 
The only difference is that the three way interaction is significant compared to the three way 
interaction in the rough milling ANOVA, refer to Table 4.8. 
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Table 4.8. ANOVA Table for Metal Removal Rate - Finish Dry Milling 
 
 
4.3.3 ANOVA for MRR in Rough Wet Mill  
 The ANOVA table indicates that all of the variables and their two way interactions 
contribute toward the significance of the MRR, refer to Table 4.9. As with the roughing for the 
dry mill, the interactions and individual independent variables will affect each other. This would 
be explained the same way as the rough dry mill process. Cutting fluid did not affect this MRR 
for this part of the experiment. 
 
Table 4.9. ANOVA Table for Metal Removal Rate - Rough Wet Milling 
 
 
Response: mrr
Df Sum Sq Mean Sq F value Pr(>F)
ipt:rpm:depth 7 0.001476 0.000211 1.66E+03 5.29E-12
Residuals 8 0.000001 1.3E-07
Df Sum Sq Mean Sq F value Pr(>F)
ipt 1 0.000155 0.000155 1217.355 4.98E-10
rpm 1 6.45E-05 6.45E-05 506.826 1.6E-08
depth 1 0.001073 0.001073 8430.438 2.21E-13
ipt:rpm 1 8.27E-06 8.27E-06 64.969 4.14E-05
ipt:depth 1 0.00012 0.00012 939.864 1.39E-09
rpm:depth 1 4.97E-05 4.97E-05 390.666 4.47E-08
ipt:rpm:depth 1 6.33E-06 6.33E-06 49.717 0.000107
Residuals 8 1.02E-06 1.3E-07
Response: mrr
Df Sum Sq Mean Sq F value Pr(>F)
ipt:depth:rpm 26 1.205 0.04635 83.53 <2e-16
Residuals 27 0.015 0.00055
Df Sum Sq Mean Sq F value Pr(>F)
ipt 2 0.40471 0.202355 364.7162 2.2E-16
rpm 2 0.15195 0.075976 136.9368 7.332E-15
depth 2 0.55172 0.27586 497.1988 2.20E-16
ipt:rpm 4 0.01891 0.004728 8.5222 0.0001393
ipt:depth 4 0.05569 0.013922 25.0932 9.349E-09
rpm:depth 4 0.0145 0.003624 6.5313 0.000822
ipt:rpm:depth 8 0.00753 0.000941 1.6958 0.1451518
Residuals 27 0.01498 0.000555
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Regression models were made for each of the individual responses, Figure 4.5. It is shown that as 
the individual responses increase the MRR will increase. Larger independent variables combined 
will result in a higher slope. 
 
Figure 4.5. Regression Models of MRR Vs RPM, Depth, IPT - Rough Wet Milling 
 
 
4.3.4 ANOVA for MRR in Finish Wet Mill  
 All of the individual, two-way interactions and three-way interaction for the finish wet 
mill ANOVA, Table 4.11, are significant. Altering any of the levels on any of variables will 
change the rate at which the material is removed. This would be similar to what was shown in the 
roughing passes. 
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Table 4.10. ANOVA Table for Metal Removal Rate - Finish Wet Milling 
 
 
4.3.5 ANOVA for MRR in Rough WEDM  
 The servo voltage, pulse width and their interaction are shown to be significant variables 
in the ANOVA table for the rough WEDM experiment, refer to Table 4.11. This can actually be 
witnessed while machining. If the servo voltage, Aj, is too low when machining; the wire will 
contact the workpiece and rub against it like a band saw. There will be little to no cutting action. 
If the wire tension is too high, the wire will break. Thus, the Aj needs to be high enough in order 
to effectively cut through the material. A pulse width that is low can slow down the cutting speed. 
This action is displayed while machining but it also can be detected by the cutting sound. A 
higher pulse width will make the cutting action louder whereas the lower pulse widths will make 
it quieter.  
 
 
 
 
 
 
  
Response: mrr
Df Sum Sq Mean Sq F value Pr(>F)
ipt:depth:rpm 7 0.001515 0.000216 30669 <2e-16
Residuals 8 1E-07 1E-08
Df Sum Sq Mean Sq F value Pr(>F)
ipt 1 0.000158 0.000158 22365.5 4.47E-15
rpm 1 6.46E-05 6.46E-05 9155.2 1.59E-13
depth 1 0.001107 0.001107 156843.4 2.20E-16
ipt:rpm 1 8.22E-06 8.22E-06 1165.3 5.93E-10
ipt:depth 1 0.000124 0.000124 17547.7 1.18E-14
rpm:depth 1 4.79E-05 4.79E-05 6791.3 5.24E-13
ipt:rpm:depth 1 5.72E-06 5.72E-06 811.2 2.5E-09
Residuals 8 6E-08 1E-08
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Table 4.11. ANOVA Table for Metal Removal Rate - Rough WEDM 
 
 
 Two regression models representing the MRR versus the pulse width and servo voltage 
are shown in Figure 4.6. The regression of the pulse width shows that as 'A' increases the MRR 
will increase as well. The regression for the servo voltage is a little bit more difficult to determine 
since the ANOVA indicates that it is significant but the R
2
 value on the regression model is poor. 
 
 
Figure 4.6. MRR Versus Pulse Width, Servo Voltage - Rough WEDM 
 
Since the ANOVA claims that the servo voltage is significant in the results and the R
2
 value 
shown in Figure 4.6 shows a poor fit, a normal q-q plot was made using the program R. It is 
shown in Figure 4.7. The normal q-q plot shows that the data is normally distributed which means 
that most of the data lies next to the mean.  
Response: mrr
Df Sum Sq Mean Sq F value Pr(>F)
ial:A:Aj 27 0.05631 0.002086 14.95 5.25E-10
Residuals 26 0.00363 0.00014
Df Sum Sq Mean Sq F value Pr(>F)
ial 2 0.000154 7.68E-05 0.5501 0.5834
A 3 0.038606 0.012869 92.2427 5.55E-14
Aj 2 0.00742 0.00371 26.5929 5.16E-07
ial:A 4 0.000057 1.42E-05 0.1018 0.9809
ial:Aj 4 0.000066 1.65E-05 0.1184 0.9748
A:Aj 4 0.009808 0.002452 17.5751 4.25E-07
ial:A:Aj 8 0.000199 2.48E-05 0.178 0.992
Residuals 26 0.003627 0.00014
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Figure 4.7. Normal Q-Q plot for Servo Voltage with MRR - Rough WEDM 
 
This suggests that the data will eventually progress linearly which means as the servo voltage is 
increased the MRR will increase/decrease. The research with Singh et al. shows that the increased 
servo voltage will actually decrease the metal removal rate and the increases in pulse width (pulse 
on time) will increase the metal removal rate, shown in Figures 4.8 and 4.9 [28].  
 
 
Figure 4.8. Metal Removal Rate Vs Pulse On Time  [28] 
(Similar to Figure 2.15) 
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Figure 4.9. Material Removal Rate Vs Servo Voltage [28] 
(Similar to Figure 2.19) 
 
4.3.6 ANOVA for MRR in Finish WEDM  
 All of the variables and their interactions for the MRR response in the finish WEDM 
experiment are significant. This can be seen in Table 4.12. The finish machining settings 
compared to the rough machining settings definitely contribute to the metal removal rate. During 
the experiment a low IAL (striking pulse current) and A (pulse width) would slow the machine 
down. A low Aj (servo voltage) would completely hinder the cutting process. If the A was too 
high and the IAL was too low, the wire would break. The interactions of all three of these 
variables were witnessed in the machining experiment.   
 
Table 4.12. ANOVA Table for Metal Removal Rate - Finish WEDM 
 
 
Response: mrr
Df Sum Sq Mean Sq F value Pr(>F)
ial:A:Aj 7 0.6926 0.09895 5637 3.96E-14
Residuals 8 0.0001 0.00002
Df Sum Sq Mean Sq F value Pr(>F)
ial 1 0.00204 0.00204 116.139 4.84E-06
A 1 0.00248 0.00248 141.009 2.32E-06
Aj 1 0.68104 0.68104 38800.03 4.94E-16
ial:A 1 0.00121 0.00121 69.194 3.29E-05
ial:Aj 1 0.00257 0.00257 146.157 2.03E-06
A:Aj 1 0.00163 0.00163 92.757 1.12E-05
ial:A:Aj 1 0.00167 0.00167 95.07 1.03E-05
Residuals 8 0.00014 0.00002
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Section 4.4 Analysis of Ra with Mill and WEDM parameters  
 4.4.1 ANOVA for Ra in Rough Dry Mill 
 The ANOVA table indicates that all of the variables, their two way interactions, and the 
three way interaction between all of them contribute toward the significance of the surface 
roughness, refer to Table 4.13.  
Table 4.13. ANOVA Table for Surface Roughness - Rough Dry Milling 
 
  
 The depth of cut, RPM, and ipt affect the Ra because each variable can change how the 
tool cuts the workpiece. Too much depth of cut can increase the perpendicular load on the tool. If 
the tool doesn't bend or break, the cutting edges of the tool do not shear like they are designed to 
do. Heat can be generated from this as well. Too much heat will make the tool and workpiece 
more ductile which leads to tool edge failure. Forcing the tool through material with low RPMs 
will also contribute to bending the tool and heat generation. These are the reasons why manuals 
like the Machinist handbook or even tooling manufacturers put recommended feeds, speeds and 
depths of cut for cutting tools.  
 Regression models were made to determine the trends that could be seen through Ra 
versus the RPM, depth and ipt, refer to Figure 4.10. As the RPM increases, the surface roughness 
decreases. Since the R
2
 value was low on the Ra versus RPM plot, a normal q-q was established 
Response: ra
Df Sum Sq Mean Sq F value Pr(>F)
ipt:depth:rpm 26 9501 365.4 60.35 <2e-16
Residuals 27 163 6.1
Df Sum Sq Mean Sq F value Pr(>F)
ipt 2 597.4 298.68 49.324 9.66E-10
rpm 2 531.7 265.86 43.905 3.26E-09
depth 2 888.5 444.25 73.365 1.22E-11
ipt:rpm 4 1878.6 469.65 77.559 2.11E-14
ipt:depth 4 845 211.24 34.885 2.65E-10
rpm:depth 4 1050.5 262.64 43.372 2.23E-11
ipt:rpm:depth 8 3709.2 463.65 76.567 2.2E-16
Residuals 27 163.5 6.06
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to make sure that the regression was linear, shown in Figure 4.11. The conclusion is that due to 
the outliers for the RPM graph, the R
2
 value was decreased. The increases in depth and feed lead 
to increases in the surface roughness. Since the R
2
 value on the depth graph was rather low as 
well another normal q-q graph was made, refer to Figure 4.12. 
 
 
Figure 4.10. Ra Versus RPM, Depth, IPT - Rough Dry Milling 
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Figure 4.11. Normal Q-Q Plot for RPM with Ra - Dry Mill 
 
 
 
Figure 4.12. Normal Q-Q Plot for Depth with Ra - Dry Mill 
 
4.4.2 ANOVA for Ra in Finish Dry Mill 
 The finish dry mill ANOVA table for surface roughness shows almost everything similar 
to the rough wet machining but the interaction between the RPM and radial depth of cut. Table 
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4.14 shows that the radial depth of cut is not significant to the RPM relative to the surface 
roughness of the workpiece. The ANOVA table is shown in Table 4.14.  
 
Table 4.14. ANOVA Table for Surface Roughness - Finish Dry Milling 
 
 
 
4.4.3 ANOVA for Ra in Rough Wet Mill 
 Unlike the dry rough mill ANOVA, the ANOVA table for the rough wet milling 
experiment shows that there is no individual significance in the depth and feed for the Ra, see 
Table 4.15. The cutting fluid and the profilometer accuracy could be the two reasons for this. All 
of the interactions prove to be significant as well as the RPM. The depth and ipt, individually, do 
not have any significance. 
 
  
Response: ra
Df Sum Sq Mean Sq F value Pr(>F)
ipt:rpm:depth 7 1102.5 157.51 1.34E+01 0.000765
Residuals 8 94.2 11.77
Df Sum Sq Mean Sq F value Pr(>F)
ipt 1 87.05 87.05 7.3942 0.02628
rpm 1 484 484 41.1127 0.000207
depth 1 117.4 117.4 9.9721 1.34E-02
ipt:rpm 1 164.74 164.74 13.9934 0.005699
ipt:depth 1 152.03 152.03 12.9139 0.007048
rpm:depth 1 25 25 2.1236 0.18315
ipt:rpm:depth 1 72.34 72.34 6.1444 0.038184
Residuals 8 94.18 11.77
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Table 4.15. ANOVA Table for Surface Roughness - Rough Wet Milling 
 
 
 First, a regression model of the Ra versus RPM was made to see how the surface 
roughness changed with the RPM. The data shows (Figure 4.13) some outliers in the 1000 RPM 
region. Either this is due to profilometer readings or the levels chosen for the response were not 
correct. This model assumes that the decrease in surface roughness is due to the increases in 
RPM. More data would need to be acquired at the higher and lower RPMs to determine if this is 
true.   
 
Figure 4.13. Ra Versus RPM - Rough Wet Milling 
 
Response: ra
Df Sum Sq Mean Sq F value Pr(>F)
ipt:depth:rpm 26 1430.5 55.02 6.342 4.23E-06
Residuals 27 234.2 8.68
Df Sum Sq Mean Sq F value Pr(>F)
ipt 2 1.37 0.686 0.079 0.9242187
rpm 2 119.84 59.922 6.907 0.0037799
depth 2 13.43 6.716 0.7741 4.71E-01
ipt:rpm 4 294.54 73.634 8.4875 0.0001434
ipt:depth 4 212.59 53.148 6.1262 0.0012135
rpm:depth 4 358.69 89.671 10.3361 0.0000329
ipt:rpm:depth 8 430.02 53.752 6.1958 0.0001455
Residuals 27 234.24 8.676
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 Since the tip and depth were not significant individually to the Ra but were significant 
with the two way interaction, a two way interaction plot was made. Refer to Figure 4.14. The 
graph also contains a box and whisker plot to show the dispersion of the data at each level. It is 
believed since the means are closely centered for the depth and the ipt and the dispersion of data 
is large for the 0.13 inch depths and the 0.00095 ipt that there would be no significance shown. 
The data crosses each other for both the ipt:depth and depth:ipt so it is believed that there is 
significance occurring through the two way interaction. 
 
 
Figure 4.14. 2-Way Interaction Plot for Depth and IPT 
 
4.4.4 ANOVA for Ra in Finish Wet Mill  
 The ipt, RPM, the two way interaction (ipt:depth), and the three way interaction show to 
be significant in the rough wet mill ANOVA table, in Table 4.16. Depth alone does not affect the 
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Ra like it did with the dry cutting, but the interaction between ipt and depth does have an effect 
because a higher depth number with a high feed will show differences in the Ra. Tool drag or 
increased heating can occur during this. It is assumed that the lubricity or cooling affects from the 
cutting fluid helped improve these variables. 
 
Table 4.16. ANOVA Table for Surface Roughness - Finish Wet Milling 
 
 
4.4.5 ANOVA for Ra in Rough WEDM  
 The pulse width and the servo voltage show significances in the ANOVA table, which 
can be seen in Table 4.17. The pulse width determines how long the spark is on when machining. 
The regression model, Figure 4.15, shows that the increasing pulse width contributes to a higher 
surface roughness. This correlates with the data seen in Garg's work, Figure 4.16. There are other 
factors that contribute to this as well.  In addition, the machine's roughing or finishing settings 
help determine the quality and speed of the spark. The servo voltage additionally contributes to 
what happens at the gap. If the Aj is up, the feed speed needs to be down.    
  
Response: ra
Df Sum Sq Mean Sq F value Pr(>F)
ipt:depth:rpm 7 87.72 12.531 5.678 1.29E-02
Residuals 8 17.65 2.207
Df Sum Sq Mean Sq F value Pr(>F)
ipt 1 27.5888 27.5888 12.5016 0.007667
rpm 1 24.1818 24.1818 10.9578 0.010694
depth 1 0.0077 0.0077 0.0035 9.54E-01
ipt:rpm 1 5.0738 5.0738 2.2991 0.167918
ipt:depth 1 15.3468 15.3468 6.9543 0.029848
rpm:depth 1 0.1743 0.1743 0.079 0.785809
ipt:rpm:depth 1 15.3468 15.3468 6.9543 0.029848
Residuals 8 17.6545 2.2068
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Table 4.17. ANOVA Table for Surface Roughness - Rough WEDM 
 
 
 
Figure 4.15. Ra Versus RPM, Servo Voltage - Rough WEDM 
 
 
Figure 4.16. Surface Roughness Vs Pulse On Time [30] 
Response: ra
Df Sum Sq Mean Sq F value Pr(>F)
ial:A:Aj 27 10347 383.2 2.215 2.30E-02
Residuals 26 4498 173
Df Sum Sq Mean Sq F value Pr(>F)
ial 2 199.8 99.92 0.5776 0.56829
A 3 6849.8 2283.28 13.1979 1.98E-05
Aj 2 1212.3 606.17 3.5038 4.49E-02
ial:A 4 131.6 32.9 0.1902 0.94136
ial:Aj 4 655.4 163.86 0.9471 0.4527
A:Aj 4 497.5 124.39 0.719 0.58671
ial:A:Aj 8 800.3 100.04 0.5782 0.78622
Residuals 26 4498.1 173
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4.4.6 ANOVA for Ra in Finish WEDM  
 For the finishing pass in the WEDM, the striking pulse current (IAL), servo voltage (Aj), 
IAL and Aj interaction, and the interaction between pulse width (A) and Aj show significance in 
the ANOVA table, Table 4.18. With the finishing passes, it was shown that increasing the A 
while keeping the Aj low would cause a short circuit or broken wire. The same could be said 
when the IAL was low and the Aj was low. The machining settings like the machining mode (M) 
and the cutting type (E) are different between the rough and finish settings. The settings could 
also change how the generator ran which would contribute to how the IAL and Aj would affect 
the finish machining. 
  
Table 4.18. ANOVA Table for Surface Roughness - Finish WEDM 
 
 
  
Response: ra
Df Sum Sq Mean Sq F value Pr(>F)
ial:A:Aj 7 19618 2802.5 129.4 1.36E-07
Residuals 8 173 21.7
Df Sum Sq Mean Sq F value Pr(>F)
ial 1 415.1 415.1 19.1624 0.002357
A 1 45.2 45.2 2.0876 0.186506
Aj 1 18421.3 18421.3 850.3027 2.07E-09
ial:A 1 115 115 5.3094 0.050139
ial:Aj 1 224.3 224.3 10.3511 0.012289
A:Aj 1 369.6 369.6 17.0603 0.003297
ial:A:Aj 1 27.3 27.3 1.2602 0.294179
Residuals 8 173.3 21.7
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Section 4.5 ANOVA for Gap Current in Rough and Finish WEDM  
 The gap was briefly analyzed and it was shown in the roughing passes that the pulse 
width and the servo voltage were significant. The interaction between the pulse width and servo 
voltage was also significant. The ANOVA table, Table 4.19, shows the significance. Also, the 
data shows to match Garg's study on the operating parameters for the WEDM, compare Figure 
4.17 with Figure 4.18. 
 
Table 4.19. ANOVA Table for Gap Current - Rough WEDM 
 
 
 
 
Figure 4.17. Gap Current Vs Pulse Width, Servo Voltage - Rough WEDM 
 
 
Response: gap
Df Sum Sq Mean Sq F value Pr(>F)
ial:A:Aj 27 616.8 22.84 35.16 1.86E-14
Residuals 26 16.9 0.65
Df Sum Sq Mean Sq F value Pr(>F)
ial 2 0.61 0.306 0.4705 0.6299
A 3 429.35 143.118 220.2459 2.2E-16
Aj 2 152.25 76.125 117.1496 9.85E-14
ial:A 4 3.1 0.774 1.1909 0.3382
ial:Aj 4 0.62 0.154 0.2371 0.9148
A:Aj 4 28.22 7.054 10.8563 2.6E-05
ial:A:Aj 8 2.68 0.335 0.5162 0.8333
Residuals 26 16.9 0.65
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Figure 4.18. Gap Current Vs Pulse Width, Servo Voltage [30] 
 
 The IAL, A, Aj and striking pulse current-pulse width interaction are all significant in the 
finish passes for the gap current, shown in Table 4.20. Again, the difference between the rough 
passes and the finish passes are the machining settings that were chosen. Also, the changes in just 
the variables and how they react with each other can change what the gap current does. 
 
Table 4.20. ANOVA Table for Gap Current - Finish WEDM 
  
Response: gap
Df Sum Sq Mean Sq F value Pr(>F)
ial:A:Aj 7 8.689 1.2413 220.7 1.64E-08
Residuals 8 0.045 0.0056
Df Sum Sq Mean Sq F value Pr(>F)
ial 1 7.9806 7.9806 1418.778 2.71E-10
A 1 0.3306 0.3306 58.7778 5.92E-05
Aj 1 0.1406 0.1406 25 1.05E-03
ial:A 1 0.2256 0.2256 40.1111 0.000225
ial:Aj 1 0.0056 0.0056 1 0.346594
A:Aj 1 0.0006 0.0006 0.1111 0.747451
ial:A:Aj 1 0.0056 0.0056 1 0.346594
Residuals 8 0.045 0.0056
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Chapter 5 : Examining Experimental Data 
Section 5.1 Methodology for Examining the Experimental Data 
 The calculated metal removal rate and cutting power were determined for the mill. 
Utilizing the measured data, an estimated cutting power was determined from the difference 
between the overall power and the power measured during an air cut. This difference allowed for 
a comparison between the calculated MRR and cutting power values to the measured values. The 
comparison looks at consistency and how quality control can relate to sustainability. Making parts 
fit accurately within one another and precise to the required specification will decrease the 
amount of error and decrease the amount of wasted material. This idea can be difficult without 
skilled operators on manual mill machines. Automated equipment helps to improve the accuracies 
and precisions. The same can be said about WEDM. When precision and accuracies start to fall 
below their requirements, this could be due to machine age, wear and tear. Older equipment can 
be less efficient and proven to use more power than needed. This was shown back in 
Kordonowy's experiment.  
 The comparisons first examined how each set of data for the mill and WEDM (MRR, Ra, 
power) correlates to its replicate. This is to determine if there were any major discrepancies and 
to make sure that there was consistency within the experiment. A very large average percent error 
between the replicates would mean that there was a major flaw with the experimental setup. It 
would also mean that there is something wrong with the equipment or the way the experiments 
were measured. The measurement of time from frame to frame could be an example. The next 
comparison was against the calculated value, for milling MRR and cutting power only, to 
determine if there were major differences between the measured values and the calculated values. 
A large percent error between the two would mean that there were measurement problems or 
there was a problem with the equations used to estimate the value. Lastly, between the replicates, 
the surface roughness was analyzed. Larger differences between the two would be due to the 
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profilometer. This is because the profilometer takes an arithmetic average of the surface it 
measures. The average can change depending on the where the surface of the sample was 
measured. Any given surface is not perfectly uniform. Thus, the lack of uniformity results in 
differences in the surface roughness and shows why the two replicates were averaged. Tool wear 
would also represent large differences shown in the surface roughness. Since each sample was 
randomized, the tool wear would affect each sample with similar parameters differently. Tool 
wear doesn't play a major significance in the WEDM because the wire is replaced after each cut. 
So the only providing error in the surface roughness would be the operation of the profilometer. 
 The percent differences between the replicates were calculated by: 
 
                                                             
 
                                                       
 
  
  
{Eq. 5-1} 
 After the replicates were compared, the results focused on the differences between the 
dry and wet milling conditions. The differences determined how well the cutting fluid was 
applied. This was done by looking at metal removal rate, surface roughness, and cutting power.  
 Lastly, the comparison was focused on the differences between the milling and WEDM 
experiment. Since the power at the gap was not measured for the WEDM, the overall power 
usage between both machines is used for the comparison. Specific energy can be used to compare 
both of these machines because it shows how much energy is being used to machine a certain 
amount of mass of material. The specific energy and surface roughness results were then 
compared with pertinent information that was found throughout the research.   
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Section 5.2 Results and Examining Experimental Differences 
5.2.1 Dry Mill Comparisons Within Replicates 
 Dry milling was compared within its replicates to see the discrepancies. As a note, the 
samples that appear next to each other horizontally in the table have the same feeds, RPMs, and 
depth of cuts. When comparing the percent differences between measured MRR and the 
calculated MRR, the majority of the range lies from 5 to 9.2%, in Table 5.1. This is an average of 
about 7%. The average percent difference between the replicates is a about a 3.34%. Overall, the 
majority of the percent differences are rather low which would indicate that there was consistency 
between the two replicates. 
 
Table 5.1. Comparing Dry Mill Replicates and Calculated MRR 
 
 
  
Rep Avg
16 0.0851 35 0.0854 0.0852 0.0912 0.37% 6.55%
4 0.1198 41 0.1270 0.1234 0.1344 5.78% 8.20%
7 0.1790 34 0.1833 0.1811 0.1939 2.35% 6.61%
2 0.1320 39 0.1381 0.1350 0.1482 4.56% 8.89%
5 0.2028 52 0.2063 0.2046 0.2184 1.71% 6.35%
3 0.2909 30 0.3026 0.2967 0.3152 3.94% 5.85%
14 0.2125 43 0.2120 0.2123 0.2280 0.21% 6.91%
26 0.3186 53 0.3113 0.3150 0.3360 2.33% 6.27%
9 0.4388 47 0.4576 0.4482 0.4849 4.20% 7.56%
10 0.1044 37 0.1057 0.1051 0.1140 1.23% 7.82%
6 0.1564 33 0.1562 0.1563 0.1680 0.10% 6.98%
8 0.2195 38 0.2272 0.2234 0.2424 3.45% 7.87%
1 0.1614 31 0.1750 0.1682 0.1853 8.10% 9.21%
25 0.2594 44 0.2578 0.2586 0.2730 0.59% 5.29%
21 0.3708 28 0.3524 0.3616 0.3940 5.08% 8.22%
12 0.2704 48 0.2608 0.2656 0.2850 3.61% 6.83%
15 0.3932 42 0.4022 0.3977 0.4201 2.26% 5.33%
27 0.4259 51 0.5656 0.4958 0.6061 28.19% 18.20%
19 0.1414 46 0.1409 0.1411 0.1482 0.35% 4.80%
22 0.2064 49 0.2066 0.2065 0.2184 0.13% 5.47%
18 0.2972 50 0.3017 0.2995 0.3152 1.48% 4.99%
20 0.2289 29 0.2256 0.2272 0.2409 1.47% 5.66%
11 0.3366 54 0.3354 0.3360 0.3550 0.38% 5.34%
13 0.4866 40 0.4786 0.4826 0.5122 1.65% 5.77%
17 0.3500 36 0.3447 0.3474 0.3706 1.54% 6.26%
24 0.5206 45 0.5101 0.5153 0.5461 2.04% 5.64%
23 0.7486 32 0.7258 0.7372 0.7879 3.09% 6.44%
Sample 
No.
Sample 
No.
Replicate 1 Replicate 2
Calculated 
MRR 
(in
3
/min)
% Diff 
Between 
Reps
% Diff 
Between 
Avg & 
Calc 
MRR 
(in
3
/min)
MRR 
(in
3
/min)
MRR 
(in
3
/min)
0.546 1.999 975 1.307 1060 W (1.421 HP) 1340 W (1.797 HP)
1.092 3.998 1950 2.615 1630 W (2.186 HP) 1680W (2.253 HP)
1.638 5.997 2910 3.902 2260 (stalled) W (3.03 HP) 2350 W (3.151 HP)
MRR 
(cm
3
/s)
MRR 
(in
3
/min)
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 The surface roughness replicates were also checked to see how they differed. The surface 
roughness percent difference lies in the range of about 0 to 48%, see Table 5.2. This is about an 
average of 15.33% between the replicates. 
Table 5.2. Comparing Dry Mill Replicates for Surface Roughness 
  
 
 
 Lastly in Table 5.3, the power from the replicates was compared to the calculated power. 
When comparing the replicates, there is a significant amount of difference between the two, an 
average of 47.75%. The calculated values use estimates based on mill machine efficiencies taken 
from the Machinist Handbook. The value of milling machine efficiencies can vary significantly 
due to the type of machine used. The average percent difference between the measured and 
calculated is about 53.14%.  
 
 
Rep Avg
16 6.3 35 7.3 6.8 14.63%
4 24.3 41 22.0 23.2 10.07%
7 17.0 34 20.0 18.5 16.22%
2 18.0 39 16.0 17.0 11.76%
5 73.0 52 69.3 71.2 5.15%
3 26.7 30 24.0 25.3 10.53%
14 29.7 43 28.3 29.0 4.60%
26 24.0 53 21.0 22.5 13.33%
9 33.0 47 23.7 28.3 32.94%
10 7.7 37 4.7 6.2 48.65%
6 19.7 33 15.3 17.5 24.76%
8 30.3 38 23.3 26.8 26.09%
1 21.0 31 21.7 21.3 3.13%
25 14.3 44 12.7 13.5 12.35%
21 34.0 28 36.7 35.3 7.55%
12 11.0 48 9.7 10.3 12.90%
15 16.7 42 18.7 17.7 11.32%
27 22.0 51 27.3 24.7 21.62%
19 29.7 46 32.7 31.2 9.63%
22 24.7 49 23.0 23.8 6.99%
18 8.0 50 5.0 6.5 46.15%
20 27.7 29 27.7 27.7 0.00%
11 12.3 54 18.3 15.3 39.13%
13 20.0 40 20.3 20.2 1.65%
17 17.7 36 20.7 19.2 15.65%
24 19.7 45 21.0 20.3 6.56%
23 52.0 32 51.7 51.8 0.64%
Sample 
No.
Replicate 1
Ra (in) 
% Diff 
Between 
Reps
Ra (in) Ra (in) 
Sample 
No.
Replicate 2
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Table 5.3. Comparing Dry Mill Replicates and Calculated Cutting Power 
 
 
 The percent differences in Kordonowy's data also show a larger difference in the 
calculated values compared to the measured values, shown in Table 5.4. Kordonowy used a 
correction factor table listed from the machining program MasterCam. The calculated values for 
this thesis used the tabulated correction values from the Machinist Handbook. The age of the 
machine and its efficiency can also contribute to how the power was used [22]. 
 
 
 
 
 
 
 
Rep Avg
16 0.028 35 0.112 0.070 0.157 120.00% 55.67%
4 0.056 41 0.167 0.112 0.220 100.00% 49.34%
7 0.084 34 0.195 0.139 0.293 80.00% 52.35%
2 0.084 39 0.167 0.126 0.256 66.67% 50.90%
5 0.084 52 0.223 0.153 0.358 90.91% 57.14%
3 0.167 30 0.279 0.223 0.476 50.00% 53.09%
14 0.112 43 0.223 0.167 0.393 66.67% 57.45%
26 0.223 53 0.307 0.265 0.551 31.58% 51.88%
9 0.251 47 0.363 0.307 0.732 36.36% 58.07%
10 0.056 37 0.167 0.112 0.197 100.00% 43.27%
6 0.112 33 0.195 0.153 0.275 54.55% 44.28%
8 0.139 38 0.195 0.167 0.366 33.33% 54.26%
1 0.084 31 0.223 0.153 0.320 90.91% 51.99%
25 0.195 44 0.279 0.237 0.447 35.29% 47.01%
21 0.223 28 0.335 0.279 0.595 40.00% 53.09%
12 0.195 48 0.195 0.195 0.492 0.00% 60.29%
15 0.251 42 0.363 0.307 0.688 36.36% 55.42%
27 0.335 51 0.335 0.335 0.915 0.00% 63.41%
19 0.084 46 0.195 0.139 0.256 80.00% 45.45%
22 0.139 49 0.139 0.139 0.358 0.00% 61.03%
18 0.167 50 0.223 0.195 0.476 28.57% 58.95%
20 0.195 29 0.279 0.237 0.415 35.29% 42.93%
11 0.251 54 0.363 0.307 0.582 36.36% 47.25%
13 0.279 40 0.363 0.321 0.773 26.09% 58.50%
17 0.279 36 0.335 0.307 0.639 18.18% 51.99%
24 0.363 45 0.474 0.418 0.895 26.67% 53.24%
23 0.502 32 0.530 0.516 1.189 5.41% 56.61%
Cutting Power (HP)
Power 
(HP)
Power 
(HP)
Replicate 1 Replicate 2
Calculated 
Power 
(HP)
% Diff 
Between 
Reps
% Diff 
Between 
Avg & Calc 
Sample 
No.
Power 
(HP)
Sample 
No.
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Table 5.4. Manual and Automated Mills Power Differences Taken from Literature Review [22] 
 
 
Dry Mill Finish Passes  
 These same comparisons between the replicates and calculations were also done with the 
finish passes for the dry mill. They are located in Appendix V.A. The finish passes demonstrate 
the same results between the replicates and calculated values. The percent difference between the 
replicates for the MRR is 2.57% and the difference between the measured versus calculated 
values are a 3.18%. For the Ra, the percent difference for the replicates is 18.46%.  For the 
cutting power, the difference between the replicates is about 58.87%. The measured cutting 
power versus the calculated cutting power is extremely high. This difference is due to the low 
power required for the actual cutting operation shown in the calculation compared to the actual 
machine cutting power plus the relatively high power losses. In other words, when the actual 
power needed lies below the running power of the machine, there is a waste in power. 
 
5.2.2 Wet Mill Comparisons Within Replicates 
 The wet milling replicates were compared with each other to see the differences in 
between the two for MRR, Ra and power. The tables for the comparisons are in Appendix V.B. 
The average difference between the replicates is 3.92%. The percent difference between the 
measured and calculated values is at 7.07%. 
Watts (HP) Watts (HP) Watts (HP)
975   (1.307) 1060   (1.421) 8.36% 1340    (1.797) 31.57%
1950   (2.615) 1630   (2.186) 17.87% 1680   (2.253) 14.87%
2910   (3.902) 2260 (stalled)   (3.03) 25.16% 2350   (3.151) 5.32%
Watts (HP) Watts (HP) Watts (HP)
3070   (4.117) 3340 (4.48) 8.44% 5760    (7.724) 60.92%
6150   (8.247) > 4490 (stalled)   (6.02) 31.22% 8160   (10.94) 28.07%
8190   (10.983) > 5520 (stalled)    (7.402) 38.96% 9360   (12.55) 13.32%
MANUAL MILLS
Bridgeport (6-X005)% Diff Calc Vs 
Measured
% Diff Calc Vs 
Measured
Cincinnati Milacron 
7VC-750% Diff Calc Vs 
Measured
% Diff Calc Vs 
Measured
AUTOMATED MILLS
Theoretical Power 
Consumption (W)
Bridgeport Torq-Cut TC3
Theoretical Power 
Consumption
Bridgeport (F-5-09-355)
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 The surface roughness replicates for the wet milling experiment were analyzed and it was 
found that there is about 21.19% average difference between the replicates. This average percent 
difference is slightly larger than the dry milling experiment which is surprising. The difference 
between the two could be explained by error or alterations in the heating and cooling from the 
cutting fluid and tool friction. The dry versus wet comparison section, 5.2.4, will compare more 
of the differences witnessed in the numbers.  
 When comparing the power differences in the replicates, there is a slight amount of 
difference between the two, an average of 15.48%. This shows a smaller average value when 
compared to the dry milling experiment. One explanation could be from the use of the cutting 
fluid. Because more lubricity was involved, the amount of cutting power is more consistent 
among the replicates. The average difference between the calculated and measured values is 
56.48%. The higher percentage can be reasoned from the power measurement or the correction 
values used in the Machinist Handbook calculations. The percent differences between the 
measured and calculated are also much higher than what Kordonowy found, in Table 5.4. 
 
Wet Mill Finish Passes 
 The finishing cuts for the wet milling experiments are in Appendix V.B. Within the 
MRR, the differences were an average percent difference of 4.62%. Between the replicates, there 
is about a 2% difference when comparing the finish wet cuts to the dry. The percent difference 
between the calculated value and measured value is 3.6%. There is also only a 0.11% difference 
with the surface roughness. Power difference between the finish replicates is an average 23.39% 
and the measured average power usage compared to the calculated power usage results in an 
extremely large difference. Like previously mentioned in the dry finish mill section, the larger 
measured power is due to more power being used inefficiently.       
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5.2.3 WEDM Comparisons Within Replicates 
 The tables for the WEDM replicate comparisons are shown in Appendix V.D. The metal 
removal rate was measured through the display on the Robofil WEDM. The difficulty with MRR 
measurement on the WEDM display is that it continuously changes. To obtain the MRR value, a 
low, middle and high value were recorded and averaged to determine an approximate MRR for 
that given sample. The average percent change from replicate 1 to replicate 2, for the MRR, is 
approximately 8.88%. There were some percent differences in the MRR that were much higher 
than the average. This would indicate that the machining settings that were chosen did not keep 
the MRR stable. The finishing passes experienced a similar instability in the MRR. This was 
because of the parameters chosen. Looking back at the ANOVA for the finishing cuts, every 
variable is significant in the MRR. The percent difference from replicate 1 to replicate 2 shows 
that instability. 
 The surface roughness was analyzed for the WEDM rough and finish passes. The average 
percent difference between the rough replicates is 12.29% and 6.56%. It is shown that roughness 
has improved with most of the finish passes. As previously discussed in the ANOVA section, the 
changes in machining modes from a rough setting to finish setting can highly alter the surface 
roughness seen between the rough and finish samples.  
 The percent difference between the replicates for power is low for the roughing and for 
the finishing cuts. This indicates that there is consistency when a similar thickness material is 
machined from one replicate to the other. The average percent difference between the replicates 
for the roughing is 10.41% and 0.65% for the finishing. 
 
5.2.4 Comparing Dry Milling and Wet Milling 
 The first comparison to make with the wet milling and the dry milling experiment is the 
surface roughness. Shown back in Figure 3.13, the wet mill samples did not have burrs on the 
outer edges of the cut slots while the dry cut slots had burrs on the outer edge. The Ra numbers 
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for both experiments were analyzed, refer to Table 5.5. The surface roughness is better with the 
wet experiment.   
 
Table 5.5. Comparing the Rough Cuts for Dry and Wet Milling Ra 
 
 
The same is shown with the finishing cuts in Table 5.6. The differences in surface finish can be 
due to the cutting fluid providing lubricity and cooling for the tool during machining. Cutting 
fluid was applied by compressed air which also evacuates the hot chips from the slot. 
 
  
Dry Wet
Dry or Wet
16 35 6.8 24.8 113.7% Dry
4 41 23.2 21.0 9.8% Wet
7 34 18.5 18.0 2.7% Wet
2 39 17.0 30.8 57.8% Dry
5 52 71.2 21.3 107.7% Wet
3 30 25.3 15.3 49.2% Wet
14 43 29.0 14.2 68.7% Wet
26 53 22.5 20.5 9.3% Wet
9 47 28.3 15.0 61.5% Wet
10 37 6.2 4.5 31.3% Wet
6 33 17.5 18.8 7.3% Dry
8 38 26.8 20.0 29.2% Wet
1 31 21.3 15.2 33.8% Wet
25 44 13.5 17.2 23.9% Dry
21 28 35.3 20.3 53.9% Wet
12 48 10.3 22.5 74.1% Dry
15 42 17.7 14.3 20.8% Wet
27 51 24.7 21.8 12.2% Wet
19 46 31.2 16.7 60.6% Wet
22 49 23.8 22.3 6.5% Wet
18 50 6.5 22.3 109.8% Dry
20 29 27.7 12.2 77.8% Wet
11 54 15.3 17.0 10.3% Dry
13 40 20.2 9.3 73.4% Wet
17 36 19.2 20.7 7.5% Dry
24 45 20.3 11.7 54.2% Wet
23 32 51.8 18.7 94.1% Wet
Sample 
No.
Avg Ra 
(in)
Avg Ra 
(in)
Lower RaPercent 
Diff.
Rough
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Table 5.6. Comparing the Finish Cuts for Dry and Wet Milling Ra 
 
 
Graphical displays of the dry compared to the wet surface roughness can be located in Appendix 
V.C. 
 The metal removal rates for the rough and dry cuts for the milling machine can be 
compared. The rough cuts had varying percent differences throughout the cut samples, shown in 
Table 5.7. Overall the finish cuts were shown to have lower percent differences between the two 
experiments, in Table 5.8. 
 
 
 
 
 
 
 
  
Dry Wet
Dry or Wet
3 15 10.3 11.5 10.7% Dry
4 10 11.3 7.3 42.9% Wet
2 12 10.2 11.3 10.9% Dry
8 11 15.0 15.0 0.0% Wet
7 13 29.5 8.0 114.7% Wet
5 9 27.0 8.2 107.1% Wet
1 14 8.0 9.5 17.1% Dry
6 16 26.3 9.7 92.6% Wet
Percent 
Diff.
Lower Ra
Sample 
No.
Avg Ra 
(in)
Avg Ra 
(in)
Finish
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Table 5.7. Comparing the Rough Cuts for Dry and Wet Milling MRR 
 
 
Table 5.8. Comparing the Finish Cuts for Dry and Wet Milling MRR 
 
 
 
Dry Wet
Dry or Wet
16 35 17.5 16.8 4.4% Dry
4 41 20.5 12.3 50.4% Dry
7 34 17.0 12.0 34.5% Dry
2 39 19.5 10.8 57.9% Dry
5 52 26.0 15.5 50.6% Dry
3 30 15.0 9.0 50.0% Dry
14 43 21.5 17.8 19.1% Dry
26 53 26.5 26.3 0.9% Dry
9 47 23.5 16.3 36.5% Dry
10 37 18.5 14.3 26.0% Dry
6 33 16.5 11.3 37.8% Dry
8 38 19.0 13.5 33.8% Dry
1 31 15.5 8.3 61.1% Dry
25 44 22.0 23.5 6.6% Wet
21 28 14.0 17.5 22.2% Wet
12 48 24.0 18.0 28.6% Dry
15 42 21.0 18.0 15.4% Dry
27 51 25.5 26.3 2.9% Wet
19 46 23.0 21.0 9.1% Dry
22 49 24.5 23.3 5.2% Dry
18 50 25.0 21.5 15.1% Dry
20 29 14.5 17.3 17.3% Wet
11 54 27.0 19.0 34.8% Dry
13 40 20.0 16.5 19.2% Dry
17 36 18.0 17.5 2.8% Dry
24 45 22.5 23.3 3.3% Wet
23 32 16.0 19.5 19.7% Wet
Percent 
Diff.
Higher 
MRR
Sample No.
Avg MRR 
(in
3
/min)
Avg MRR 
(in
3
/min)
Rough
Dry Wet
Dry or Wet
3 15 0.00094 0.00094 0.1% Wet
4 10 0.01411 0.01427 1.1% Wet
2 12 0.00187 0.00189 1.1% Wet
8 11 0.02849 0.02874 0.9% Wet
7 13 0.00063 0.00061 1.8% Dry
5 9 0.00926 0.00942 1.7% Wet
1 14 0.00120 0.00109 9.1% Dry
6 16 0.01826 0.01864 2.0% Wet
Rough
Percent 
Diff.
Higher 
MRR
Sample No.
Avg MRR 
(in
3
/min)
Avg MRR 
(in
3
/min)
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 When comparing the power usage to the metal removal rate, a linear trend line fits the 
curves the best for the wet and dry experiments. This is shown in Figure 5.1. The R
2
 term for the 
wet mill fits the data better than the dry mill data. These trends show that the higher the metal 
removal rate, the more power will be used. Based on the trends, using a cutting fluid will decrease 
the amount of power that is used for the increases in MRR. This can only be said about manual 
mills. An automated mill would have a built in pump that would recycle the cutting fluid. That 
pump would add power usage to the overall system. To get a more accurate comparison with the 
dry experiment, the overall compressor power usage should be measured during the machining 
and then added to the total amount of power measured from the mill. Likewise, this graph also 
shows that the dry milling experiment can maintain a high amount of MRR with not allowing the 
power usage to be much greater than the wet experiment. Kordonowy and Diaz et. al. proved to 
have either linear or polynomial type trends in their work [22, 23]. It should also be noted that 
machining time dominates energy demand.  
  
 
Figure 5.1. Power Vs MRR for Dry and Wet Rough Milling 
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 The energy compared with the metal removal rate for the dry and wet experiments show 
a decrease as a second order polynomial, shown in Figure 5.2. R
2
 for the wet depth suggests there 
were errors in measuring the cutting time or there were small errors in the power monitor.   
 
 
Figure 5.2. Energy Vs MRR for Dry and Wet Rough Milling 
 
Both graphs in Figures 5.1 and 5.2 share similar trends with Diaz et. al's data, shown in Figure 
5.3. This would suggest that macro and micro-scale machining share similar trend lines when 
comparing the energy and power versus the metal removal rate.  
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Figure 5.3. Power and Energy as a Function of MRR for the Depth of Cut 
(Similar to Figure 2.8) 
  
 The dry and wet finish passes for the energy versus the metal removal rate are shown in 
Figure 5.4. The larger metal removal differences contribute to the shift in the 0.001 inch radial 
depth line. The energy used is on a similar scale. This suggests that the energy used was similar to 
the 0.015 inch radial depth cuts. In conclusion, the machine still supplied a specific amount of 
power to the machine even though it did not need the extra power to cut at that lower radial depth. 
This means that there was a waste in power due to the size of the machine. The max amount of 
energy between the 0.001 and 0.015 inch radial cuts is about the same even though the 0.001 inch 
radial cut should be using less power due to the lesser amount of material removed. Using a 
smaller milling machine for the required work may be one way of efficiently using the power.  
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Figure 5.4. Energy Vs MRR for Dry and Wet Finish Milling 
 
5.2.5 Comparing Milling and WEDM Processes 
 Comparing milling and the WEDM can be difficult because each machine is very 
different between the types of equipment and fluids they use. Comparing them through 
sustainability is a little easier because it allows someone to determine what machine will meet 
their demands for their shop.  
 Overall, when comparing the WEDM and the milling machine for sustainability, there are 
direct advantages and disadvantages that have to be determined. Neglecting the purchase costs of 
each individual machine, the overall positive and negative aspects of the machines can be 
distinguished. The following tables, Tables 5.9 and 5.10, list the general pros and cons of each 
machine that were seen in this thesis.   
 It is noted that the surface roughness is better for the milling experiment compared to the 
WEDM experiment. These results are only conclusive for this experiment. This thesis was 
concentrating on the most power it could obtain with these machines and still produce feasible 
results. The feasible results are low wire breakage and tool wear, fast metal removal rate, 
alterations in power draw. Other wires and endmills could prove to give better surface roughness 
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values. In addition, the better surface roughness from the mill can be contributed to the location 
of the measurement. The side of the sample, where the side of the endmill would contact, was 
measured and not the base of the sample, where the tool's tip would contact. The reason it was 
measured at that location is related to the types of dies that the mill and WEDM would be used to 
create, like trim and extrusion dies. 
  
Table 5.9. General WEDM Advantages and Disadvantages Witnessed 
 
  
Advantages Disadvantages
Cheap Can rust certain materials
Easy to get Depletion of some material properties
Easy to recycle Oil mixed can be nonenvironmentally friendly
Oil mix reduces microcracking in recast layer Oil mix makes surface harder
Hold better tolerances than milling Slower Speed than milling
No cutting forces generated Can not do any pocketing, limiting types of dies made
Work piece has to be conductive
Tooling: One wire spool can cost less than several coated endmills
More power used than milling
Idle current draw higher than milling (31.1 amps)
More auxillary equipment
Maintenance Costly (Approx $6,500 full tune up at UNL)
Operators need to be more knowledgeable
WEDM
Deionized 
Water:
Machining:
Power:
Other:
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Table 5.10. General Milling Advantages and Disadvantages Witnessed 
 
 
 Although this was already pointed out in Tables 5.9 and 5.10, the idle power is significant 
over a long period of time. When each machine sat in idle mode, the WEDM still drew about 31.1 
amps and the mill drew about 7.1 amps. That is about 6500 Watts (8.71 HP) in the WEDM and 
1500 Watts (2 HP) in the mill. Over a long period of time that can add up in cost for power use. 
This is extremely important in energy use especially if they are located at smaller job shop that 
does not utilize them every day. 
 The specific energy allows the two machines to be compared. The direct number 
comparisons cannot be done due to the experiments performed on each machine. Instead, the 
trends for each machine were compared, shown in Figures 5.5– 5.8, through the creation of 
empirical models from the fitted values. Using the observed data, equations were formed. This 
was done throughout all the specific energy comparisons between the machines. It can be seen 
that both the WEDM and mill follow the same trends and fit to a power equation. The MRR is in 
Advantages Disadvantages
Best surface roughness Operator Safety
Better Tool Life Health Hazardous
Still Use MQL Not Environmentally Friendly
Removes chips
Better surface roughness than WEDM Tool wear
Easier to recycle chips Poor surface roughness compared to wet
Easier clean-up
Machining: High speed machining evolution
Tooling: Basic high speed steel tools are relatively cheap Coated tools can be expensive
Less power usage than WEDM
Idle current draw (7.1 amps)
Can machine most materials Must understand how to cut harder materials
Can machine most types of dies and molds Material can get work hardened
Maintenance less costly than WEDM
Self maintained
Milling
Cutting 
Fluids:
Dry 
Machining:
Power:
Other:
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in
2
/min which is calculated by the length of the cut (3 inches) multiplied by the depth of the cut 
(0.08", 0.13"or 0.20"). The same is done with the wire EDM. This was done because the WEDM 
only displayed the MRR in an area per time. The trends are comparable to the Diaz experiment 
back in Figure 2.9. Where y is the specific energy and x is the MRR. The trend equations also 
compare similar to the Diaz equation, Eq. 2-13. As the metal removal rate approaches infinity the 
specific energy is assumed to reach a steady state near zero. This is not capable of occurring 
because the amount of feeds and speeds is impossible without breaking an endmill or wire. Thus, 
the MRR constrains the equation [23]. 
 
Diaz Equation: 
           
 
   
              {Eq. 2-13} 
Dry Rough Mill Trend Equation: 
                        {Eq. 5-2} 
Wet Rough Mill Trend Equation: 
                         {Eq. 5-3} 
Rough WEDM Trend Equation: 
                        {Eq. 5-4} 
Dry Finish Mill Trend Equation: 
                      {Eq. 5-5} 
Wet Finish Mill Trend Equation: 
                       {Eq. 5-6} 
Finish WEDM Trend Equation: 
                       {Eq. 5-7} 
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Figure 5.5. Measured Specific Energy Vs MRR for Rough Dry and Wet Milling 
 
 
 
Figure 5.6. Measured Specific Energy Vs MRR for Finish Dry and Wet Milling 
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Figure 5.7. Measured Specific Energy Vs MRR for Rough WEDM 
 
 
 
 
Figure 5.8. Measured Specific Energy Vs MRR for Finish WEDM 
 
It should be noted that the MRR displayed on the WEDM changes frequently so average values 
were used to approximate the metal removal. Due to this fault, the data points do not lie directly 
on the trend line.  
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 A model was created using the equations Eq. 2-13, Eqs. 5-1 - 5-3. The model is shown in 
Figure 5.9. 
 
Figure 5.9. Specific Energy Vs MRR Model for all Machines -Rough Cuts 
 
This model does not quite fit with the statements of Diaz et. al [23].  The model shows that the 
milling machines will fall behind the micro level model. This is due to the power (n) of the 'x' in 
the equation y = C*x
-n
 and the constant, C. To shift the model left or right slightly 'n' would need 
to increase or decrease. For the WEDM, the power is more than "-1" but the constant in front of 
the 'x' is very large. This would indicate that larger power using machines will produce a larger 
constant value. The larger constant values would shift the model more to the right and up. 
Another model was made with the rough and dry cuts for all the machines, Figure 5.10. The 
trends for the rough and finish mill passes are close unlike the rough and finish passes for the 
WEDM. Other differences lie in the material that was machined. Like stated previously, different 
materials have various cutting specific energies [15]. 
Wet 
y=522.4*x^-0.87 
 
Diaz 
y=1481/x + 3.678 
 
WEDM 
y=34746*x^-0.78 
 
Dry 
y=530.7*x^-0.86 
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Figure 5.10. Specific Energy Vs MRR for Rough and Finish Machine Cuts 
 
The dry roughing experiment resulted in better surface roughness than the finished WEDM 
experiment. This can be compared by looking in the mill and WEDM surface roughness 
measurements in Appendix V.C. and V.D. These cannot be completely conclusive because the 
goal of the experiment was to look at the power consumption and look at those resulting surface 
roughness measurements. Utilizing different machining setting on the wire EDM and mill could 
decrease the surface roughness. For the WEDM and milling experiments, the surface roughness 
was shown to be pretty diverse on the specific energy versus metal removal graphs, see Figures 
5.11 and 5.12. 
Finish 
Mill 
Rough 
Mill 
Rough 
WEDM 
Finish 
WEDM 
Diaz 
Model 
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Figure 5.11. Ra Listed on Specific Energy Vs MRR Graph for WEDM Conditions 
 
 Differences can occur on these plots when different materials are machined. The type of 
wire on the WEDM can also be investigated to see how the current draw would change because 
gap current is affected by the changes in pulse width and so is the overall current. Different wire 
changes the metal removal rates and the conductivity is also different. Surface roughness is also 
affected. 
Rough WEDM: 80 to 140 in 
Rough WEDM: 60 to 100 in 
Finish WEDM: 40 to 45 in 
At Higher MRR (0.4 to 0.5 in
2
/min)  
Finish WEDM: 115 to 135 in 
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Figure 5.12. Ra Listed on Specific Energy Vs MRR Graph for Milling Conditions 
 
  
Finish Wet: 6 to8 in 
 
 
Finish Wet: 6.5 to 10 in 
Finish Dry: 10 to 30 in 
 
 
 
Finish Dry: 5 to 12 in 
 
 
 
Rough Wet: 5 to 35 in 
Rough Dry: 5 to 40 in 
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Chapter 6 : SEM Tool Wear Analysis and Results 
Section 6.1 Endmill Tool wear 
  A Philips XL30 ESEM, scanning electron microscope (SEM), was used to investigate 
the corners and edges of the endmills before and after the experiments, shown in Figure 6.1. Tool 
wear was investigated to analyze how tungsten carbide TiCN coated tooling handles the effects of 
dry machining and wet machining, shown in Figure 6.2. There were 27 cuts per tool for the 
roughing passes and 16 cuts per tool for the finishing passes. Referring back to Table 3.3, the tool 
specifications and designations are listed. 
 
Figure 6.1. Scanning Electron Microscope 
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 Dry milling means that the tool used no cutting fluids when cutting the material. Dry 
milling tools used were Tool 3A and Tool 3B for the dry rough machining and Tool 6A and Tool 
6B for the dry finish machining. The "A" signifies that it was replicate 1 and machined samples 1 
through 27. The "B" signifies that it was replicate 2 and machined samples 28 through 54. The 
wet milling means that the tool had a cutting fluid misted on it during the machining operations. 
These tools were Tools 5A and B for the roughing cuts and Tools 7A and B for the finishing cuts. 
The "A" and "B" designations mean replicate 1 and replicate 2 noted with the dry milling tools.  
 
 
Figure 6.2. TiCN Rough (
3
/8") and Finish (
5
/16") Endmills 
 
 The left pictures show the corners of the tool (I and III) and the right side pictures show 
an edge approximately 1/16 to 1/8 inches further toward the shank of the tool (II and IV), 
reference to Figure 6.3 through Figure 6.10. The angled lines on the surface of tooling represent a 
finished polished surface that was done on the tool upon its manufactured completion. After the 
tool was completed it had another process done to it that coated the carbide tool with TiCN.  
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(I)     (II) 
 
(III)     (IV) 
 
Figure 6.3. Tool 3A: Dry Rough - Top Before Cut, Bottom After Cut 
I and II show the surface finish before the tool was used, III and IV are the worn surfaces. I and 
III show the corners of the tool. II and IV show the cutting edges. 
 
 The most notable differences in Figure 6.3 are surface differences of I and II compared 
with III and IV. Picture IV shows that the edge has a shear type of wear. This means that the tool 
contacted the workpiece and sheared the material with the tool edge. The smoother surface to the 
left of the sheared area, in IV, shows how the material was dragged and the angle it was directed. 
The helix angle of the tool is one reason why the angle of shear is positioned at that angle. This is 
similar for Tool 3B in Figure 6.4. 
 One difference between Figures 6.3 and 6.4 is how much wear occurred between the two. 
The edge picture, IV of Figure 6.4, still shows some polishing from when the tool was 
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manufactured. Lastly, both Figure 6.3 and 6.4 do not show any signs of microcracking on the 
cutting edges. 
 
 
(I)      (II) 
 
(III)      (IV) 
 
Figure 6.4. Tool 3B: Dry Rough - Top Before Cut, Bottom After Cut 
I and II show the surface finish before the tool was used, III and IV are the worn surfaces. I and 
III show the corners of the tool. II and IV show the cutting edges. 
  
 Investigating the endmills used in the wet part of the experiment, Figures 6.5 and 6.6 it is 
clear that there was also a shearing effect on IV. There is a bigger difference between the dry 
tools and the wet tools on the sheared surface on IV. This difference is associated with the cutting 
fluid that was used during the machining process. Since there was more lubricity the surface is 
much smoother looking. The smoother surface on the tool can translate back to the surfaces of the 
138 
 
workpiece. It should also be noted that the chip coloration for the wet cuts were much lighter than 
the dry cuts. The darker coloration means that the chips had a lot more heat generated in them 
which means that the tool got much hotter as well.   
  
 
(I)      (II) 
 
(III)      (IV) 
 
Figure 6.5. Tool 5A: Wet Rough - Top Before Cut, Bottom After Cut 
I and II show the surface finish before the tool was used, III and IV are the worn surfaces. I and 
III show the corners of the tool. II and IV show the cutting edges.   
  
 The corner edge, III of Figure 6.5, shows that there was ductile pile of material deposited 
on the tool. The material could be partly from the tool and partly from the D2 tool steel. In 
addition, the polished lines can still be seen in IV, meaning that wear was not as significant when 
compared with the dry machining endmills. 
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(I)      (II) 
 
(III)      (IV) 
 
Figure 6.6. Tool 5B: Wet Rough - Top Before Cut, Bottom After Cut 
I and II show the surface finish before the tool was used, III and IV are the worn surfaces. I and 
III show the corners of the tool. II and IV show the cutting edges.   
 
 Tool 5B has the same trend as Tool 5A. IV of Figure 6.6 shows a smoother surface on the 
tool and the lines from the polishing are still slightly visible.  
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(I)      (II) 
 
(III)      (IV) 
 
Figure 6.7. Tool 6A: Dry Finish - Top Before Cut, Bottom After Cut 
I and II show the surface finish before the tool was used, III and IV are the worn surfaces. I and 
III show the corners of the tool. II and IV show the cutting edges. 
 
 The finishing tools exhibit the same behavior as the roughing tools. The tools used for the 
wet cutting experiments have a smoother edge. IV of both Figures 6.7 and 6.8 show some 
material that built up and fused to the tool's edge whereas IV of Figured 6.9 and 6.10 still 
maintain a smooth edge.  
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(I)      (II) 
 
(III)      (IV) 
 
Figure 6.8. Tool 6B: Dry Finish - Top Before Cut, Bottom After Cut 
I and II show the surface finish before the tool was used, III and IV are the worn surfaces. I and 
III show the corners of the tool. II and IV show the cutting edges. 
 
 Material build-up on Figure 6.10IV can be assumed to be from the D2 test material 
because the angled polished lines are still very visible and under lap of the built up material.  
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(I)      (II) 
 
(III)      (IV) 
 
Figure 6.9. Tool 7A: Wet Finish - Top Before Cut, Bottom After Cut 
I and II show the surface finish before the tool was used, III and IV are the worn surfaces. I and 
III show the corners of the tool. II and IV show the cutting edges. 
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(I)      (II) 
 
(III)      (IV) 
 
Figure 6.10. Tool 7B: Wet Finish - Top Before Cut, Bottom After Cut 
I and II show the surface finish before the tool was used, III and IV are the worn surfaces. I and 
III show the corners of the tool. II and IV show the cutting edges. 
 
Section 6.2 Wire Wear 
 The wire wear for the 0.01 inch brass stratified wire was analyzed before and after the 
WEDM experiment. Since the wire continually cycles, the wire was not collected for each 
individual cut that was done. The wire was analyzed under the microscope at 1000 times and 500 
times, shown in Figure 6.11. Looking closely at the pictures, some microcracks and masses 
appear on the wire before the experiment was conducted. The microcracks could have been 
formed when the wire was spooled up. Since the wire does not experience any forces during 
machining the microcracks did not cause any problems for the experiment.  
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(I)      (II) 
 
(III)      (IV) 
Figure 6.11. SEM of Wire Top Before Cut, Bottom After Cut 
I and II show the surface finish before current went through the wire, III and IV are the worn 
surfaces after machining was done.  
 
 
 At the end of the experiment a sample of wire was taken and analyzed. The surface 
appears smoother but has many cracks on the surface. The reasons that the wire appears to be 
cracking is due to thermal loads and erosive behaviors that occur during machining. More thermal 
load occurs at the exit of the workpiece. It was discovered that the power feed device may 
actually allow the electrical contacts to cause a premature wear before entering the gap [50].   
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Chapter 7 : Conclusions  
 This investigation included the experimental and theoretical results of the surface 
roughness, power consumption, metal removal rate and specific energy calculations for milling 
and WEDM.  Multiple empirical models were made and shown to exhibit similar trends with the 
literature review work. Sustainability is relevant in these experiments because reducing the 
amount of power usage or utilizing other machining parameters to reduce the power usage and 
obtaining low surface roughness is possible. Understanding the machining processes and finding 
a balance between metal removal rate and power usage is an ideal start to finding a sustainable 
balance to difficult machining problems. Other conclusions can be drawn from the experiment as 
follows: 
1. Analysis of variance (ANOVA) showed that increases in metal removal rate (MRR) increased 
the power usage on both machines. 
2. Finishing in milling may not require much power but high power waste occurred due to under-
taxing in the machine. This can be due to the size of the machine. Using properly sized milling 
machines for the required work may be one of the keys to obtaining a sustainable work 
environment.  
3. Calculations versus measuring can differ greatly depending on machine age and efficiency. 
This was comparable to Kordonowy et. al's work. 
4. It appears that more cutting time will also mean more energy used. 
5. The wire EDM showed to have a larger specific energy usage than the traditional milling 
machine. From an energy standpoint, this may indicate that this process should only be used for 
difficult machining situations or when continuous production is a priority. 
6. Surface roughness is better at higher specific energies but lower MRR for WEDM. This may 
suggest that that WEDM is best considered for situations that are not needed for quick production 
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but need better surface roughness. For higher metal removal rates to be considered, surface 
roughness should not be an overriding criteria unless post finishing operations are considered.  
 Sustainability was defined as the balance between the society and the environment. 
Because the quality of life has been increasing, the population and amount of goods needed has 
increased. Since there is a need for more goods, more power, natural resources and raw materials 
are needed to produce those goods. Tools, machines and cutting fluid use also increase. Cutting 
fluids affect the environment, operator safety or human health, and the tool wear. More tools 
mean that there would be an increase in the raw material use and would affect the environment 
through the creation of more advanced tooling. By using the accepted standards for measuring 
sustainability in the machines, the statistics showed how changing the process parameters in each 
machine would ultimately affect sustainability. This was because the measured dependent 
variables were interrelated with each other and the altered independent variables (process 
parameters) in the experiments.  
 Sustainable manufacturing is such a broad area of study that other conclusions can be 
drawn based on these experiments. The use of cutting fluids is an important topic because cutting 
fluids can affect sustainability in several ways. As discussed in this thesis, tool wear can be 
reduced with the use of cutting fluids and improved surface roughness can be obtained. The only 
problems with cutting fluids are that they can be hazardous to an operator in raw form or to the 
environment when disposing. Cutting fluids also can also make it harder to recycle chips without 
first drying them. Cutting fluids are messy and can lead to bacteria growth and rust. Thus, more 
techniques utilizing dry machining should be looked into or reduction in cutting fluids with 
minimal quantity lubrication (MQL) techniques should be investigated. Utilizing the misting 
technique in the experiment, the chips were not as dark in color as the dry chips, showing lower 
temperatures, and were dry after being expelled from the workpiece. The wire EDM can use 
deionized water for its dielectric which is not harmful to the environment as is. It can be easier to 
recycle or dispose of if necessary unless machining specific materials allow the waste to become 
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hazardous. Each machining project using WEDM must be evaluated to determine if the waste 
product is too detrimental for a sustainable operation. 
 Tool wear is an important idea not just in sustainability but also for surface roughness. 
Tool wear is unavoidable and it needs to be understood to properly utilize the entire life of the 
tool. Wasting tools is costly and even the creation of newer tools can be a sustainable process that 
needs to be analyzed.   
 Overall each machine can be more sustainable by understanding the process parameters 
needed during manufacturing of particular materials. Understanding the advantages and 
disadvantage for any machine will allow a shop to make a long term practical decision on what 
machine to purchase. This can lead to better overall sustainability and cost savings.  
 
   
148 
 
Chapter 8 : Future Work 
Section 8.1 Future Work for Sustainability 
 The areas that were concentrated on in this thesis did not incorporate all the aspects of 
improving job shop quality and sustainability. The lighting, HVAC, shop quality of cutting fluids, 
the compressor and environmental conditions still haven't been analyzed. Incorporating a full 
flooding technique and comparing that with the misting technique for analysis would show if 
there are major decreases in the surface roughness and power usage. Analyzing cutting fluid life 
and bacteria growth would be another topic that could be looked into more.  
 Utilizing a larger machine and running the analysis with CNC equipment would also 
show better overall comparisons with the WEDM. This is because larger CNC milling equipment 
would share larger specific energy values to the WEDM. Also, smaller equipment can be 
investigated. High speed machining and hard milling should be looked at and compared with 
WEDM. 
 The tooling can be looked at even further. Using energy-dispersive x-ray spectroscopy 
(EDS) on the tooling can help distinguish if the excessive material lying on the surface is part of 
the tool or the work piece. Looking into the temperatures on the tooling during machining would 
be useful in determining the excessive wear and energy lost due to heat. Other wires on the 
WEDM could be analyzed to see if changing the wire would have any significant changes to the 
surface roughness and power usage.  
 Acquiring a logging based power monitor and looking at the instances that the power 
usage was high could recreate the full machining process. This could be done on both the wire 
EDM and mill to see how much extra power goes into the auxiliary equipment. It could also help 
determine if the machines were efficiently using the power. 
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Appendices 
Appendix I. Drawing Files 
Appendix I.A. Replicate 1 Drawing File for Mill  
This SolidWorks drawing file shows the dimensions of the roughing and finishing operations for 
the dry and wet cuts for the Bridgeport Mill. The centerlines on the part with the bracketed 
numbers represent where the finishing cuts need to take place (in ordinate dimensions). 
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Appendix I.B. Replicate 2 Drawing File for Mill  
 
This SolidWorks drawing file shows the dimensions of the roughing and finishing operations for 
the dry and wet cuts for the Bridgeport Mill in the second replicate. The centerlines on the part 
with the bracketed numbers represent where the finishing cuts need to take place (in ordinate 
dimensions). 
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Appendix I.C. Drawing File for WEDM  
This SolidWorks drawing file represents the final dimensions for the blanks that were machined 
for the wire EDM experiment. The tolerance on each slot was not precise because the part was re-
fixtured between the machining of each slot. This was done to eliminate any problems that might 
occur with wire breakage.  
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Appendix II. Process Parameters for WEDM 
The process parameters for the wire EDM and their meaning is listed below in this table. This 
table was constructed using the handbook that came with the Robofil  2020SI Wire EDM. 
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Appendix III. Robofil 2020SI WEDM G-Code 
Appendix III.A. Rough WEDM Pass 
* Code Generated for the Charmilles 2020 SI 
* Part Name : KalusRou 
* Date : 08/03/12 Time : 13:26:32 
* Programed By 
% 
:1(User) 
N10 G70 G90 G40 
N20 G92 X-0.100 Y-0.100 M22 
N30 G00 X-0.0589 Y0.2072 
N40 G01 X0.0 Y0.2113 
N50 X0.375 M00 
N60 G03 X0.375 Y0.2888 I0.375 J0.25 
N70 G01 X0.0 
N80 G00 X-0.100 Y-0.100 
N90 M02 
% 
 
Appendix III.B. Finish WEDM Pass 
* Code Generated for the Charmilles 2020 SI 
* Part Name : KalusFin 
* Date : 08/03/12 Time : 13:45:37 
* Programed By 
% 
:1(User) 
N10 G70 G90 G40 
N20 G92 X-0.100 Y-0.100 M22 
N30 G00 X-0.0521 Y0.2049 
N40 G01 X0.0 Y0.205 
N50 X0.375 M00 
N60 G03 X0.375 Y0.295 I0.375 J0.25 
N70 G01 X0.0 
N80 G00 X-0.100 Y-0.100 
N90 M02 
% 
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Appendix IV. R Code for Statistical Analysis 
Appendix IV.A. Dry Rough Mill R Code 
library(HH) 
data <- read.table("C:/Users/Kalus/Desktop/RMill1.csv", sep=",",header=TRUE) 
 
ipt <-c(data[,2]) 
RPM <-c(data[,3]) 
depth <-c(data[,4]) 
curr <-c(data[,5]) 
mrr <-c(data[,6]) 
ra <-c(data[,7]) 
ipt <-factor(ipt) 
RPM <-factor(RPM) 
depth <-factor(depth) 
model1 <-lm(curr~ipt*RPM*depth)                   
model2 <-lm(mrr~ipt*RPM*depth)                   
model3 <-lm(ra~ipt*RPM*depth)                   
 
anova(model1) 
anova(model2) 
anova(model3) 
 
regress <-lm(ra~RPM) 
regress1 <-lm(ra~depth) 
summary(regress) 
summary(regress1) 
plot(regress)    #### Normality q-q 
plot(regress1)    ### Normality q-q 
 
summary(aov(curr~ipt:depth:RPM)) 
summary(aov(mrr~ipt:depth:RPM)) 
summary(aov(ra~ipt:depth:RPM)) 
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Appendix IV.B. Dry Finish Mill R Code 
library(HH) 
data <- read.table("C:/Users/Kalus/Desktop/FMill1.csv", sep=",",header=TRUE) 
data 
 
ipt <-c(data[,2]) 
RPM <-c(data[,3]) 
depth <-c(data[,4]) 
curr <-c(data[,5]) 
mrr <-c(data[,6]) 
ra <-c(data[,7]) 
ipt <-factor(ipt) 
RPM <-factor(RPM) 
depth <-factor(depth) 
model1 <-lm(curr~ipt*RPM*depth)                  
model2 <-lm(mrr~ipt*RPM*depth)                    
model3 <-lm(ra~ipt*RPM*depth)                   
 
anova(model1) 
anova(model2) 
anova(model3) 
 
summary(aov(curr~ipt:depth:RPM)) 
summary(aov(mrr~ipt:depth:RPM)) 
summary(aov(ra~ipt:depth:RPM))  
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Appendix IV.C. Wet Rough Mill R Code 
library(HH) 
data <- read.table("C:/Users/Kalus/Desktop/RMill2.csv", sep=",",header=TRUE) 
data 
 
ipt <-c(data[,2]) 
RPM <-c(data[,3]) 
depth <-c(data[,4]) 
curr <-c(data[,5]) 
mrr <-c(data[,6]) 
ra <-c(data[,7]) 
ipt <-factor(ipt) 
RPM <-factor(RPM) 
depth <-factor(depth) 
model1 <-lm(curr~ipt*RPM*depth)                  #with coolant 
model2 <-lm(mrr~ipt*RPM*depth)                  #with coolant  
model3 <-lm(ra~ipt*RPM*depth)                  #with coolant 
 
anova(model1) 
anova(model2) 
anova(model3) 
 
summary(aov(curr~ipt:depth:RPM)) 
summary(aov(mrr~ipt:depth:RPM)) 
summary(aov(ra~ipt:depth:RPM))  
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Appendix IV.D. Wet Finish Mill R Code 
library(HH) 
data <- read.table("C:/Users/Kalus/Desktop/FMill2.csv", sep=",",header=TRUE) 
data 
 
ipt <-c(data[,2]) 
RPM <-c(data[,3]) 
depth <-c(data[,4]) 
curr <-c(data[,5]) 
mrr <-c(data[,6]) 
ra <-c(data[,7]) 
ipt <-factor(ipt) 
RPM <-factor(RPM) 
depth <-factor(depth) 
model1 <-lm(curr~ipt*RPM*depth)                  #with coolant 
model2 <-lm(mrr~ipt*RPM*depth)                  #with coolant  
model3 <-lm(ra~ipt*RPM*depth)                  #with coolant 
 
anova(model1) 
anova(model2) 
anova(model3) 
 
summary(aov(curr~ipt:depth:RPM)) 
summary(aov(mrr~ipt:depth:RPM)) 
summary(aov(ra~ipt:depth:RPM))  
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Appendix IV.E. Rough WEDM R Code 
library(HH) 
data <- read.table("C:/Users/Kalus/Desktop/RWEDM.csv", sep=",",header=TRUE) 
data 
 
ial <-c(data[,2]) 
A <-c(data[,3]) 
Aj <-c(data[,4]) 
gap <-c(data[,5]) 
curr <-c(data[,6]) 
mrr <-c(data[,7]) 
ra <-c(data[,8]) 
ial <-factor(ial) 
A <-factor(A) 
Aj <-factor(Aj) 
 
model1 <-lm(gap~ial*A*Aj)                
model2 <-lm(curr~ial*A*Aj)               
model3 <-lm(mrr~ial*A*Aj)        
model4 <-lm(ra~ial*A*Aj) 
 
anova(model1) 
anova(model2) 
anova(model3) 
anova(model4) 
 
summary(aov(curr~ipt:depth:RPM)) 
summary(aov(mrr~ipt:depth:RPM)) 
summary(aov(ra~ipt:depth:RPM)) 
 
regress <-lm(mrr~Aj) 
summary(regress) 
plot(regress)              #### plots Normality Q-Q 
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Appendix IV.F. Finish WEDM R Code 
 
library(HH) 
data <- read.table("C:/Users/Kalus/Desktop/FWEDM.csv", sep=",",header=TRUE) 
data 
 
ial <-c(data[,2]) 
A <-c(data[,3]) 
Aj <-c(data[,4]) 
gap <-c(data[,5]) 
curr <-c(data[,6]) 
mrr <-c(data[,7]) 
ra <-c(data[,8]) 
ial <-factor(ial) 
A <-factor(A) 
Aj <-factor(Aj) 
model1 <-lm(gap~ial*A*Aj)                
model2 <-lm(curr~ial*A*Aj)               
model3 <-lm(mrr~ial*A*Aj)        
model4 <-lm(ra~ial*A*Aj) 
 
anova(model1) 
anova(model2) 
anova(model3) 
anova(model4) 
 
summary(aov(curr~ipt:depth:RPM)) 
summary(aov(mrr~ipt:depth:RPM)) 
summary(aov(ra~ipt:depth:RPM))  
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Appendix V. Comparisons Between the Data 
Appendix V.A. Dry Mill Finish Replicate Comparisons 
 
Table A.2. Comparing Dry Finishing Cuts for MRR 
 
 
Table A.3. Comparing Dry Finishing Cuts for Ra 
 
 
 
Table A.4. Comparing Dry Finishing Cuts for Power 
 
  
Rep Avg
3 0.00093 15 0.00094 0.0009 0.0010 0.62% 3.93%
4 0.01456 10 0.01366 0.0141 0.0146 6.34% 3.49%
2 0.00186 12 0.00188 0.0019 0.0019 1.06% 4.23%
8 0.02898 11 0.02801 0.0285 0.0292 3.43% 2.56%
7 0.00062 13 0.00063 0.0006 0.0006 0.49% 0.79%
5 0.00953 9 0.00900 0.0093 0.0095 5.68% 2.08%
1 0.00118 14 0.00122 0.0012 0.0013 2.73% 4.90%
6 0.01828 16 0.01824 0.0183 0.0189 0.23% 3.49%
Sample 
No.
MRR 
(in
3
/min)
Sample 
No.
MRR 
(in
3
/min)
MRR 
(in
3
/min)
Replicate 1 Replicate 2
Calculated 
MRR 
(in
3
/min)
% Diff 
Between 
Reps
% Diff 
Between 
Avg & 
Calc 
Rep Avg
3 10.33 15 10.33 10.3 0.00%
4 12.00 10 10.67 11.3 11.76%
2 10.67 12 9.67 10.2 9.84%
8 17.33 11 12.67 15.0 31.11%
7 33.33 13 25.67 29.5 25.99%
5 31.33 9 22.67 27.0 32.10%
1 7.33 14 8.67 8.0 16.67%
6 29.00 16 23.67 26.3 20.25%
Replicate 1 Replicate 2 % Diff 
Between 
Reps
Sample 
No.
Ra (in)
Sample 
No.
Ra (in) Ra (in)
Rep Avg
3 0.0837 15 0.0837 0.0837 0.00168 0.00% 4877.27%
4 0.0837 10 0.1395 0.1116 0.02522 50.00% 342.42%
2 0.0558 12 0.1395 0.0976 0.00294 85.71% 3218.18%
8 0.0837 11 0.1116 0.0976 0.04792 28.57% 103.75%
7 0.0558 13 0.1116 0.0837 0.00103 66.67% 7997.53%
5 0.0558 9 0.0837 0.0697 0.01550 40.00% 349.86%
1 0.0279 14 0.0837 0.0558 0.00190 100.00% 2830.53%
6 0.0279 16 0.0837 0.0558 0.02855 100.00% 95.37%
% Diff 
Between 
Avg & Calc 
Sample 
No.
Power 
(HP)
Sample 
No.
Power 
(HP)
Power 
(HP)
Cutting Power (HP)
Replicate 1 Replicate 2 Calculated 
Power 
(HP)
% Diff 
Between 
Reps
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Appendix V.B. Wet Mill Replicate Comparisons 
 
Table A.5. Comparing Wet Mill Replicates and Calculated MRR 
 
 
Table A.6. Comparing Wet Finishing Cuts for MRR 
 
 
  
Rep Avg
16 0.087 35 0.081 0.0839 0.0912 6.52% 8.02%
4 0.128 41 0.126 0.1272 0.1344 1.18% 5.36%
7 0.184 34 0.184 0.1841 0.1939 0.00% 5.08%
2 0.137 39 0.138 0.1375 0.1482 0.78% 7.23%
5 0.205 52 0.206 0.2057 0.2184 0.47% 5.84%
3 0.300 30 0.296 0.2981 0.3152 1.13% 5.40%
14 0.223 43 0.213 0.2177 0.2280 4.46% 4.54%
26 0.316 53 0.317 0.3167 0.3360 0.31% 5.77%
9 0.450 47 0.459 0.4543 0.4849 1.91% 6.30%
10 0.107 37 0.105 0.1060 0.1140 2.22% 7.06%
6 0.146 33 0.157 0.1518 0.1680 7.21% 9.65%
8 0.227 38 0.225 0.2259 0.2424 0.56% 6.80%
1 0.170 31 0.171 0.1701 0.1853 0.71% 8.18%
25 0.260 44 0.333 0.2966 0.2730 24.42% 8.63%
21 0.366 28 0.364 0.3651 0.3940 0.55% 7.32%
12 0.266 48 0.265 0.2657 0.2850 0.39% 6.77%
15 0.397 42 0.394 0.3957 0.4201 0.68% 5.80%
27 0.566 51 0.566 0.5664 0.6061 0.00% 6.54%
19 0.141 46 0.140 0.1404 0.1482 0.09% 5.25%
22 0.207 49 0.206 0.2066 0.2184 0.51% 5.40%
18 0.289 50 0.296 0.2925 0.3152 2.17% 7.21%
20 0.228 29 0.224 0.2262 0.2409 1.55% 6.10%
11 0.316 54 0.335 0.3257 0.3550 5.69% 8.25%
13 0.473 40 0.479 0.4756 0.5122 1.26% 7.13%
17 0.362 36 0.353 0.3575 0.3706 2.65% 3.52%
24 0.506 45 0.353 0.4298 0.5461 35.56% 21.29%
23 0.749 32 0.727 0.7379 0.7879 2.91% 6.36%
Sample 
No.
MRR 
(in
3
/min)
Sample 
No.
MRR 
(in
3
/min)
MRR 
(in
3
/min)
Replicate 1 Replicate 2 Calculated 
MRR 
(in
3
/min)
% Diff 
Between 
Reps
% Diff 
Between Avg 
& Calc 
Rep Avg
3 0.00091 15 0.00096 0.00094 0.0010 5.52 3.82%
4 0.01432 10 0.01422 0.0143 0.0146 0.72 2.41%
2 0.00189 12 0.00189 0.0019 0.0019 0.00 3.20%
8 0.02872 11 0.02877 0.0287 0.0292 0.18 1.70%
7 0.00062 13 0.00061 0.0006 0.0006 2.10 2.52%
5 0.00940 9 0.00944 0.0094 0.0095 0.48 0.44%
1 0.00124 14 0.00095 0.0011 0.0013 27.35 13.19%
6 0.01869 16 0.01858 0.0186 0.0189 0.59 1.50%
Replicate 1 Replicate 2 Calculated 
MRR 
(in
3
/min)
% Diff 
Between 
Reps
% Diff 
Between Avg 
& Calc 
Sample 
No.
MRR 
(in
3
/min)
Sample 
No.
MRR 
(in
3
/min)
MRR 
(in
3
/min)
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Table A.7. Comparing Wet Rough Milling Replicates for Surface Roughness 
 
 
Table A.8. Comparing Wet Finishing Cuts for Ra 
 
Rep Avg
16 26.00 35 23.67 24.8 9.40%
4 22.67 41 19.33 21.0 15.87%
7 17.00 34 19.00 18.0 11.11%
2 32.67 39 29.00 30.8 11.89%
5 22.33 52 20.33 21.3 9.38%
3 18.67 30 12.00 15.3 43.48%
14 13.00 43 15.33 14.2 16.47%
26 21.67 53 19.33 20.5 11.38%
9 13.00 47 17.00 15.0 26.67%
10 3.67 37 5.33 4.5 37.04%
6 18.67 33 19.00 18.8 1.77%
8 16.00 38 24.00 20.0 40.00%
1 14.67 31 15.67 15.2 6.59%
25 14.33 44 20.00 17.2 33.01%
21 23.67 28 17.00 20.3 32.79%
12 24.00 48 21.00 22.5 13.33%
15 10.33 42 18.33 14.3 55.81%
27 20.00 51 23.67 21.8 16.79%
19 13.00 46 20.33 16.7 44.00%
22 21.00 49 23.67 22.3 11.94%
18 21.67 50 23.00 22.3 5.97%
20 10.67 29 13.67 12.2 24.66%
11 14.00 54 20.00 17.0 35.29%
13 10.67 40 8.00 9.3 28.57%
17 22.33 36 19.00 20.7 16.13%
24 11.33 45 12.00 11.7 5.71%
23 18.00 32 19.33 18.7 7.14%
Replicate 1
Sample 
No.
Ra (in)
Sample 
No.
Ra (in)
Replicate 2 % Diff 
Between 
Reps
Ra (in)
Rep Avg
3 12.3 15 10.7 11.5 14.49%
4 7.3 10 7.3 7.3 0.00%
2 9.7 12 13.0 11.3 29.41%
8 13.7 11 16.3 15.0 17.78%
7 6.7 13 9.3 8.0 33.33%
5 9.0 9 7.3 8.2 20.41%
1 8.7 14 10.3 9.5 17.54%
6 9.0 16 10.3 9.7 13.79%
Replicate 1 Replicate 2 % Diff 
Between 
Reps
Sample 
No.
Ra (in)
Sample 
No.
Ra (in) Ra (in)
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Table A.9. Comparing Wet Rough Milling Replicates and Calculated Cutting Power 
 
 
 
Table A.10. Comparing Wet Finishing Cuts for Power 
 
  
Rep Avg
16 0.028 35 0.084 0.0558 0.1573 100.00% 64.54%
4 0.084 41 0.056 0.0697 0.2203 40.00% 68.34%
7 0.112 34 0.084 0.0976 0.2927 28.57% 66.65%
2 0.139 39 0.112 0.1255 0.2556 22.22% 50.90%
5 0.139 52 0.167 0.1534 0.3579 18.18% 57.14%
3 0.167 30 0.195 0.1813 0.4756 15.38% 61.88%
14 0.167 43 0.167 0.1674 0.3933 0.00% 57.45%
26 0.223 53 0.251 0.2371 0.5506 11.76% 56.94%
9 0.279 47 0.279 0.2789 0.7318 0.00% 61.88%
10 0.084 37 0.056 0.0697 0.1967 40.00% 64.54%
6 0.167 33 0.167 0.1674 0.2753 0.00% 39.21%
8 0.195 38 0.195 0.1953 0.3659 0.00% 46.64%
1 0.195 31 0.195 0.1953 0.3196 0.00% 38.90%
25 0.223 44 0.195 0.2092 0.4474 13.33% 53.24%
21 0.251 28 0.251 0.2510 0.5946 0.00% 57.78%
12 0.195 48 0.223 0.2092 0.4916 13.33% 57.45%
15 0.307 42 0.279 0.2929 0.6883 9.52% 57.45%
27 0.391 51 0.391 0.3905 0.9147 0.00% 57.31%
19 0.167 46 0.167 0.1674 0.2557 0.00% 34.54%
22 0.167 49 0.139 0.1534 0.3579 18.18% 57.14%
18 0.167 50 0.195 0.1813 0.4757 15.38% 61.88%
20 0.167 29 0.195 0.1813 0.4154 15.38% 56.36%
11 0.223 54 0.251 0.2371 0.5816 11.76% 59.24%
13 0.251 40 0.307 0.2789 0.7730 20.00% 63.91%
17 0.307 36 0.279 0.2929 0.6392 9.52% 54.18%
24 0.391 45 0.335 0.3626 0.8948 15.38% 59.48%
23 0.474 32 0.474 0.4742 1.1892 0.00% 60.12%
% Diff 
Between 
Avg & Calc 
Replicate 1 Replicate 2
Sample 
No.
Power 
(HP)
Sample 
No.
Calculated 
Power 
(HP)
% Diff 
Between 
Reps
Power 
(HP)
Power 
(HP)
Rep Avg
3 0.0837 15 0.0837 0.0837 0.00168 0.00% 4877.27%
4 0.0837 10 0.1395 0.1116 0.02522 50.00% 342.42%
2 0.0558 12 0.1395 0.0976 0.00294 85.71% 3218.18%
8 0.0837 11 0.1116 0.0976 0.04792 28.57% 103.75%
7 0.0558 13 0.1116 0.0837 0.00103 66.67% 7997.53%
5 0.0558 9 0.0837 0.0697 0.01550 40.00% 349.86%
1 0.0279 14 0.0837 0.0558 0.00190 100.00% 2830.53%
6 0.0279 16 0.0837 0.0558 0.02855 100.00% 95.37%
Power 
(HP)
Calculated 
Power 
(HP)
% Diff 
Between 
Reps
% Diff 
Between 
Avg & Calc 
Sample 
No.
Power 
(HP)
Sample 
No.
Replicate 1 Replicate 2
Power 
(HP)
Cutting Power (HP)
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Appendix V.C. Dry Vs Wet Rough Mill Surface Roughness  
 
 
Figure A.4. Ra Vs MRR at 800 RPM 
 
 
Figure A.5. Ra Vs MRR at 1000 RPM 
 
 
Figure A.6. Ra Vs MRR at 13000 RPM 
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Appendix V.D. WEDM Replicate Comparisons 
 
Table A.11. Comparing Rough WEDM Replicates for MRR 
 
 
Table A.12. Comparing Finish WEDM Replicates for MRR 
 
 
Rep Avg
7 0.0925 36 0.0987 0.0956 6.45%
8 0.1250 28 0.1125 0.1188 10.53%
9 0.1073 34 0.1430 0.1252 28.50%
3 0.1107 35 0.1080 0.1093 2.44%
5 0.1468 29 0.1703 0.1586 14.82%
2 0.1530 30 0.1728 0.1629 12.17%
1 0.0632 32 0.0638 0.0635 1.05%
6 0.1252 31 0.1225 0.1238 2.15%
4 0.1790 33 0.1732 0.1761 3.31%
12 0.0952 38 0.0968 0.0960 1.74%
10 0.1283 44 0.0987 0.1135 26.14%
11 0.1217 45 0.1233 0.1225 1.36%
16 0.1112 39 0.1077 0.1094 3.20%
13 0.1582 41 0.1412 0.1497 11.36%
15 0.1438 42 0.1757 0.1598 19.93%
17 0.0635 43 0.0642 0.0638 1.04%
14 0.1233 40 0.1225 0.1229 0.68%
18 0.1767 37 0.1632 0.1699 7.95%
19 0.0945 51 0.0842 0.0893 11.57%
25 0.1290 54 0.1138 0.1214 12.49%
27 0.1408 53 0.1232 0.1320 13.38%
22 0.1207 48 0.1038 0.1123 15.00%
23 0.1703 52 0.1323 0.1513 25.11%
21 0.1598 50 0.1620 0.1609 1.35%
24 0.0710 49 0.0712 0.0711 0.23%
20 0.1298 46 0.1237 0.1268 4.87%
26 0.1793 47 0.1777 0.1785 0.93%
Replicate 1 Replicate 2 % Diff 
Between 
Reps
Sample 
No.
MRR 
(in
2
/min)
Sample 
No.
MRR 
(in
2
/min)
MRR 
(in
2
/min)
Rep Avg
1 0.0167 14 0.0328 0.0248 65.3%
2 0.0333 13 0.4642 0.2488 173.2%
3 0.0500 16 0.4638 0.2569 161.1%
4 0.0667 15 0.1162 0.0914 54.1%
5 0.0833 11 0.4738 0.2786 140.2%
6 0.1000 9 0.0292 0.0646 109.7%
7 0.1167 10 0.0213 0.0690 138.2%
8 0.1333 12 0.4632 0.2983 110.6%
Sample 
No.
MRR 
(in
2
/min)
Sample 
No.
MRR 
(in
2
/min)
MRR 
(in
2
/min)
Replicate 1 Replicate 2 % Diff 
Between 
Reps
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Table A.13. Comparing Rough WEDM Replicates for Ra 
 
 
Table A.14. Comparing Finish WEDM Replicates for Ra 
 
 
 
 
Rep Avg
7 101.00 36 102.00 101.5 0.99%
8 124.33 28 110.33 117.3 11.93%
9 98.00 34 123.67 110.8 23.16%
3 96.67 35 93.00 94.8 3.87%
5 135.00 29 132.00 133.5 2.25%
2 140.33 30 106.33 123.3 27.57%
1 81.67 32 86.67 84.2 5.94%
6 120.00 31 106.00 113.0 12.39%
4 121.67 33 112.00 116.8 8.27%
12 107.67 38 92.67 100.2 14.98%
10 122.67 44 115.67 119.2 5.87%
11 112.00 45 132.00 122.0 16.39%
16 88.33 39 80.33 84.3 9.49%
13 115.33 41 113.00 114.2 2.04%
15 117.00 42 124.33 120.7 6.08%
17 94.67 43 79.33 87.0 17.62%
14 118.00 40 91.33 104.7 25.48%
18 104.33 37 104.33 104.3 0.00%
19 113.33 51 101.33 107.3 11.18%
25 114.00 54 110.67 112.3 2.97%
27 155.33 53 98.33 126.8 44.94%
22 94.67 48 85.67 90.2 9.98%
23 115.67 52 115.67 115.7 0.00%
21 105.33 50 101.33 103.3 3.87%
24 93.67 49 65.33 79.5 35.64%
20 130.00 46 106.00 118.0 20.34%
26 112.67 47 103.33 108.0 8.64%
Replicate 1
Ra (in)
Sample 
No.
Ra (in)
Sample 
No.
Ra (in)
Replicate 2 % Diff 
Between 
Reps
Rep Avg
1.0 50.7 14.0 49.7 50.2 1.99%
2.0 118.3 13.0 127.3 122.8 7.33%
3.0 115.3 16.0 123.3 119.3 6.70%
4.0 71.3 15.0 71.0 71.2 0.47%
5.0 111.0 11.0 116.7 113.8 4.98%
6.0 49.0 9.0 42.0 45.5 15.38%
7.0 42.3 10.0 38.7 40.5 9.05%
8.0 117.7 12.0 128.0 122.8 8.41%
% Diff 
Between 
Reps
Sample 
No.
Ra (in)
Sample 
No.
Ra (in) Ra (in)
Replicate 1 Replicate 2
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Table A.15. Comparing Rough WEDM Replicates for Power 
 
 
 
Table A.16. Comparing Finish WEDM Replicates for Power 
 
 
  
Rep Avg
7 13.70 36 12.83 13.3 6.52%
8 14.31 28 14.34 14.3 0.19%
9 13.47 34 14.09 13.8 4.45%
3 13.44 35 9.79 11.6 31.45%
5 14.34 29 14.50 14.4 1.16%
2 14.95 30 14.23 14.6 4.97%
1 12.78 32 12.13 12.5 5.15%
6 13.42 31 11.74 12.6 13.30%
4 14.70 33 13.92 14.3 5.46%
12 11.02 38 12.89 12.0 15.64%
10 14.70 44 13.17 13.9 11.01%
11 15.29 45 13.75 14.5 10.57%
16 13.67 39 12.80 13.2 6.53%
13 14.73 41 13.44 14.1 9.11%
15 15.23 42 14.45 14.8 5.26%
17 12.83 43 9.18 11.0 33.21%
14 13.72 40 12.83 13.3 6.72%
18 14.98 37 14.00 14.5 6.74%
19 14.17 51 12.94 13.6 9.05%
25 14.87 54 12.22 13.5 19.57%
27 15.70 53 13.95 14.8 11.85%
22 14.03 48 12.91 13.5 8.28%
23 15.01 52 10.60 12.8 34.42%
21 14.37 50 14.28 14.3 0.58%
24 13.08 49 12.27 12.7 6.38%
20 13.92 46 13.00 13.5 6.84%
26 15.09 47 14.11 14.6 6.69%
% Diff 
Between 
Reps
Sample 
No.
Power 
(HP)
Sample 
No.
Power 
(HP)
Power (HP)
Replicate 2Replicate 1
Rep Avg
1 12.64 14 12.58 12.6 0.44%
2 12.58 13 12.69 12.6 0.88%
3 9.57 16 9.62 9.6 0.58%
4 12.66 15 12.75 12.7 0.66%
5 9.15 11 9.29 9.2 1.51%
6 12.27 9 12.16 12.2 0.91%
7 12.16 10 12.13 12.1 0.23%
8 12.13 12 12.13 12.1 0.00%
Sample 
No.
Power 
(HP)
Power (HP)
Replicate 1 Replicate 2 % Diff 
Between 
Reps
Sample 
No.
Power 
(HP)
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Appendix VI. MSDS for ValCOOL VP Tech 005B Cutting Fluid 
 
MSDS for ValCOOL cutting fluid found on Fastenal distributor website [51].  
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Appendix VII. Material Properties of D2 Tool Steel 
 
Table A.17. Elements Contained in D2 Tool Steel [52] 
     
C Mn Si Cr Mo Fe V Co
1.40 - 1.60% <=1.0% <=1.50% 11.0 - 13.0% 0.70 - 1.20% 79.7 - 85.8% 0.40 - 1.0% 0.70 - 1.0%
Composition Percent of D2 Tool Steel
